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I, C. Frank Bennett, hereby declare that: 

1) I currently am employed as Vice President of Antisense Research at Isis 
Pharmaceuticals. I have held this position since 1995. I have been involved in the 
development of antisense oligonucleotides as therapeutic agents, including research on the 
application of oligonucleotides for inflammatory and cancer targets, oligonucleotide delivery 
and pharmacokinetics since at least 1989. I have published more than 90 papers in the field 
of antisense research and development. I received my B.S. degree in Pharmacy from the 
University of New Mexico, Albuquerque, New Mexico and my Ph.D. in Pharmacology from 
Baylor College of Medicine, Houston, Texas. 

2) I am aware of published articles that describe a correlation between the affinities of 
antisense oligonucleotides for their targets and the structures of the oligonucleotides. For 
example, in "The ups and downs of nucleic acid duplex stability: structure-stability studies on 
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chemically-modified DNA;RNA duplexes," Freier et. al., Nucleic Acid Research^ 1997, Vol. 
25, No. 22, 4429-4443 (copy attached as Exhibit 1) studies that correlate the structures of 
antisense oligonucleotides having more than 200 modifications to their binding affinities for 
their targets are reviewed. 

3) I am aware of published articles that describe nuclease resistance and antisense 
activity of oligonucleotides. For example, in "Nuclease Resistance and Antisense Activity of 
Modified Oligonucleotides Targeted to Ha-ras," Monia et. al., J, Biol Chem,, Vol. 271, No. 
24, 1996, 14533-14540 (copy attached as Exhibit 2), nuclease stability and antisense activity 
of various phosphorothioate and phosphodiester oligonucleotides are described. 

4) I am aware that DNA includes nucleotide units having I'-dQCxy-erythro- 
pentofiiranosyl sugar moties, i.e,, 2'-deoxyribose moties. I am further aware of published 
articles that describe the properties of RNase H enzymes that hydrolyze RNA in RNA-DNA 
duplexes in which at least some of the nucleotide subunits of the DNA portion of the 
duplexes have 2'-deoxy-ery//^r(9-pentofuranosyl sugar moties. For example, in "Properties 
of Cloned and Expressed Human RNase HI," Wu et. al., J. BioL Chem. , Vol. 274, No. 40, 
1999, 28270-28278 (copy attached as Exhibit 3), properties of RNase H enzymes including 
human RNase HI enzymes are described including positional preference cleavage of the 
RNA target in an RNA-DNA duplex. 

5) I am aware of a number of published articles and books that describe the unique and 
beneficial properties of oligonucleotides, including published reports summarizing the 
antisense activity of oligonucleotides in vivo against a variety of targets under a variety of 
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conditions. For example, "Basic Principles of Antisense Therapeutics" in Antisense Research 
and Application, Stanley T. Crooke, ed., chapter 1, 1-50, 2001 ("the Crooke chapter"; copy 
attached as Exhibit 4) reports that antisense oligonucleotides exhibited in vivo activity 
against 49 targets when administered to five species of animals using 1 1 modes of 
administration (see, e.g., Table 1). 

6) I have reviewed the claims that I understand to currently be pending in the above- 
identified patent application. The claims refer to oligonucleotides having the following three 
features: (1) at least one of the nucleotide units of the oligonucleotide is fonctionalized to 
increase the nuclease resistance of the oligonucleotide; (2) at least one of the nucleotide units 
bears a substituent group that increases the binding affinity of the oligonucleotide for its 
target nucleic acid; and (3) a plurality of the nucleotide units have T-dQOxy-erythro- 
pentofuranosyl sugar moieties that are consecutively located within the oligonucleotide. 

7) In "Antisense Oligonucleotide-Based Therapeutics" in Gene and Cell Therapy: 
Therapeutic Mechanisms and Strategies, Nancy Smyth Templeton, ed., 2003, chapter. 19, 
347-374 (copy attached as Exhibit 5), I and my co-authors reported on clinical testing 
involving six oligonucleotides possessing these features. Each of the oligonucleotides had a 
different molecular target and was used to treat cancer, rheumatoid arthritis, diabetes, or 
multiple sclerosis. 

8) I believe that those skilled in the art following the teachings provided in this patent 
application could readily prepare oligonucleotides possessing the above-noted three features 
with an expectation that the oligonucleotides would exhibit antisense activity in vivo against a 
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target of interest. In my view, the patent application provides sufficient disclosure for those 
skilled in the art to practice the presently claimed methods without undue experimentation. 



9) I declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true, and further, that these 
statements were made witii the knowledge that willful false statements and the like so made 
are punishable by fine or imprisonment, or both, under § 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or 
any patent issuing thereon. 
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ABSTRACT 

In an effort to discover novel oligonucleotide modiflca" 
tlons for entisense therapeutlcSy we have prepared 
oligodeoxyrlbonucleotides containing more than 200 
different modifications end measured their affinities 
for complementary RNA. These Include modifications 
to the heterocyclic bases, the deoscy-ribose sugar and 
the phosphodiester linkage. From these results, we 
have been able to determine structure-activity rela- 
tionships that conelate hybridization affinity with 
changes In oligonucleotide structure. Data for oligo- 
nucleotides containing modified pyrimldine nucleo- 
tides are presented. In general, modMcatlons that 
resulted In the most stable duplexes contained a 
heteroatom at the 2'-po8ltlon of the sugar. Other sugar 
modlflcaUone usually led to diminished hybrid stabile 
Hy. Most backbone modifications that led to improved 
hybridization restricted backbone mobllHy and re- 
sulted In an A«type sugar pucker for the residue 5' to 
the modified intemucleotlde linkage. Among the het- 
erooycleS; (>5-substltuted pyrlmldines stood out as 
substantially Increasing duplex stability. 

INTRODUCHON 

The high afiiroty and specificity of Watson-Crick hybridization 
has made oligonucleotides attractive agents for diagnostic and 
therapeutic applications. Although unmodified DNA oligo- 
nucleotides have been itpoited to demonstrate antisense activity 
in ceU assays, much tesc^uch has been devoted to the discovery 
of modified oligonucleotides as ontisense therapeutics (1). The 
pritnaiy goal of these modifications has been to improve 
biostability and cellular uptake of the oligonucleotides and to 
optimize tissue and cell distribution for a particular molecular 
taiget It is important, however, that modified oligonucleotides 
maintain the hybridization characteristics of unmodified DNA. 
The mechanism of action of antisense oligonucleotides lequiies 
specific hybridization of the oligonucleotide at its complemen- 
tary site on the mRNA. The imponance of hybridization is 
demonsttaied 1^ the conelation of antisense activity observed in 
cell assays (2r-3) and in vivo (6) with hybridization affimty and 



Tm' Described below is a strategy using six test sequences for 
evaluation of hybridization propetties of chemically-modified 
oligonucleotides to RNA complement. Over 200 modifications 
weie tested as pait of our antisense dnig discoveiy cfifon. The 
behavior of these modifications in tiiis screening system will be 
discussed. 

MFTHODS 

Strategy ror evaluation of oligonucleotide modifications 

Tb maximize the number of oligonucleotide modifications diat 
can bepitpared and evaluated fbr utility in antisoise applications, 
we adopted a two-phase strategy. In the first phase, only the 
modified T nucleoside was prq)ared as a 5'-0-DMT-protectBd 
phosphoiamidite and a series of oligonucleotides conmining only 
mod^eddiymidines was prepared. Aliemativelyi if tire modifica- 
tion was in (he phosphodiester badcbone, a T-T dimer containing 
the modified backbone between two thymidine residues was 
pi^ared. Block couplu\g of these modified duners resulted in 
oligonucleotides with backbcme modifications between consecu- 
tive T tesidues. Hybridization and nuclease resistance properties 
fbr tins series of oligonucleotides widi modifications only at the 
T residues or T-T linkages were evaluated in vitro. Only if ttie 
hybridization affinity, hybridization specificity and riuclease 
resistance of these modified oligonucleotides met some minimum 
requirements, modified amidites were prepared for the other 
nucleobases and die modification was incorporated into amisense 
oligonucleotides for testing In a cellular assay. This so^gy hasi 
proved effective. Usually, syntiicsis of the modified T rmdeoside 
phosphoramidite required fewer st^ dian the corresponding A, 
C or G amidites so the initial evaluation could be made rspdiy. 
In general, hybridization properties of oligonucleotides which 
contain modifications only on a single nucleobase have been 
predictive of properties for unifonnly modified oligoiuicleotides 
or 'gapmers' which contain a soetch of DNA flanked by regions 
of modification (3,7»8). More important, modifications that bind 
weakly to complemeritary RNA in this scries have not demon- 
strated good antisense activity (K, H. Altmann, B. Monia and N. 
Dean, unpublished results). Thus preliminary evaluation of 
hybridization usii« only modified tiiyinidines has boenpredictive 
of the value of a moiUfication for entisense applications. 
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Ihble I. Sequences containing modiTied thymidine used for hybridizaiion 
studies 
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't rq)iiefient5 a modified diynUdine nuclecutide. sdi represents a TT dimer in 
vvbicfa die phosphodiester linkage between the Oiyniii^B hv& been modified. 
^This sequenoB contains moditicd thymidine and dcoxycytidinc residues. 



Hybridization was evaluated using absoibance veisus tempera- 
ture profiles. Ihe technique required only 2-4 OD units of 
modified oligonucleotide and itpit>ducible results were easily 
obtained. Although 7m can be precisely measured, it is not a 
thermodynamic parameter and does not dtrecdy measure hybrid- 
ization af&iity. iC37 is the appropriate paiametier for evahiating 
hybridization afiuuty. It represents the free energy difference 
between duplex and single strands at 37 ""C. Unfortunately, for 
oliigonucleotides longer than about lOresidues and ionic strengths 
less than -0^ M, coil to heUx transitions tend to be non-two state 
(9-12) and this was observed for many of our tinnsitions. ACs? 
obtained from die melting curves was sensitive to analysis 
method) particularly to how baselines were drawn (13-15). 7m* 
on the odier hand, was much less sensitive to analysis method. 
Consideration of die diennodynamlc equations demonstrates that 
for cfaaqges in Tm <25''C and changes in Aff"" <2S%, A7m 
correlates quite wdl with MC'sy. This correlation has also been 
observed experimentally (7,8). Thus 7m and A7m were used to 
evaluate the effect of chemical modification on duplex stability. 
Q^ote: throt^ghout this manuscript, we use the plvases 'duplex 
stability' and 'hybridization afiEnity' to refer to AG^'ay, die free 
energy difference between duplex and single stmids at 37''C] 

Hie six sequences used for die initial hybridizatioa studies are 
listed in Table 1. They included sequences widi single modifica- 
dcms interspersed between unmodified residues (seql^ se^ and 
seqS), sequences witb short or long continuous stretches of 
modified residues {seq3 and seq4, respectively) and one sequence 
(seqS) that was fully modified, except for the 3' terminal 
nucleoside. Our primary interest was in the utilization of diese 
modifications for antisense applications so we focused on 
hybridization of the modified oligonucleotides to complementary 
RNA. 

To test the efiRact of our modifications in a uniformly modified 
oligonucleodde, the modified C amidite was synthesized and 
se0S was prqsaied. We opted to prepare the C amidite rattier ttian 
to test homo-T oligomers for hybddizatiCKi. When mixed with 
oligo-A, oligo-T can form many complexes including triple- 
stranded struchires and high molecular weight aggregates with 
staggered duplexes (16). Due to the symmetry of die sequence, 
both parallel and andparallel hybridization is possible, lliese 
complex sCmctures can be difficult to characterize due to slow 
hybridization and coexist^ce of multiple species. Results with 
such complex structures can also be misleadiiig. For example, 
tripl^-scrandcd complexes fbnned by PNA Tio and dA|o led to 
the conclusion that 7m values for short PNA-DNA duplexes were 
50^C higher dian their DNA-J)NA counterparts (17,18). How- 
ever, later work with mixed sequences d^onscraCBd that, at 



l^ble 2» Effect of 5-niethyl pyrimidinc sutistitution On Tm 



«l «l k 

T dC dU j«iBlMdC 



mod 
P 










PAJUiNT FOR AIX MODIFSCA.770N8 




TCdO I O.O 
1 




my 


HA 
£502)' 


ao U.U 

(517)' (52.7)' 


1 (QitiKOC YCUi MOOU-IDI 










•1.2 




-0.4 


>0l 


-0.3 



































^Values in parcmhescs arc the 7m ("C) for the unmodified DMA 
its RNA oomplemeni. 



physiological ionic strength, the A7m value for a PNA-DNA 
IQroer duplex was only 17^C (19). 

7m measurementa 

Absorbance versus cemperature curves were measured as de- 
scribed previously (7). Each sanq)le contained 100 mM Na^, 
10 mM phosphate, 0. 1 mM EDTA, 4 |jM modified oligonucleo- 
tide and 4 jiM complementary, length matched RNA. A7m per 
modification was calculated by subtracting 7m of the unmodified 
DNA-RNA parent duplex and dividing by the number of 
modified residues in the sequence. Average A7 ^ per substitution 
was calculated by summing the A7m values for all oligonucleo- 
ddes containing that modification and dividing by die total 
number of substitutions. Averages calculated by this method 
weigh each oligonucleotide by die nuniber of sufastimdons it 
contains. 

RESULTS 

7m values for the unmodified controls 

7m values for the six unmodified DNA sequences versus their 
RNA complements are listed in Table 2. In addition, A7m values 
are listed for the same sequences containing dU (1) (bold numbers 
in parentheses refer to modification numbers from the tables and 
figures) and for seq6 widi 5-inediyl dC (2^). Bach substinition 
of dU for T resulted in an average change of about -^.S C in 7m 
and substinition of 5>methyl dC foir dC resulted in an average 
increase of about +0.3**C per substitution (20). For all modifica- 
tions discussed below, ^m values were calculated relative to die 
unmodified DNA parent (containing T and dC) even though some 
of die sugar and backbone modifications were prepared on dU 
rather than T or on 5>methyl C rather than dC For each 
modification, the nucleobase Ls listed. If dU was used, a 
destabilization of approximately -O-i^C per siibstinition would 
be expected in addition to any stabilization or destabilization 
caused by the modified sugar or backbone. 

Sugar modifications 

Effect of 2' -sugar substitution. Table 3 lists A7m values for 
oligonucleotides containing subsumtions at the 2' position of 
deoxyribose. It is clear from Table 3 diat die exaa value of A7m 
persubstitution depended on sequence. TTius, effects of modifica- 
tions on duplex stability can be compared quantitatively only if 
die same sequences were used for all modifications. Trends, 
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lUile X Effea of 2' sugar tubsHtuiion of 7m 
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■NC, lum-coopeiaiive iransiiioa. 

^llie sirttciuie of (bis anthraquinone derivative ii^ given in Figure IC. 
^^Thia oligonacieatide ooatoined sub$Tfturiojis at poMtimu 4 and 13 only. 



haw0ve3r, weie consistent across ail sequences studied. Modifica- 
dons thai stabilized the duple^c did so for all sequences; 
modifications that destabilized the duplex reduced Tm f(X all 
sequences^ 

Figure 1 plots the average A7m per substitution for the 
substitutions in Ikblc 3 . Among the 2' substiwtiQns rapoitod here, 
a 2'-fluoio substituent (4-5) was die most stabilising. In general, 
2'-0-alkyl substitution (7-14) also stabilized the duplex, with 
smaller substituents resuliing in greater duplex stability than 
laiser ones. A clear correlaidon between substituent size and 
duplex stability has been iteported previously for a large series of 
2'-0-alkyl substiwiions (7) and is confirmed by the data in Figure 
1 A. The improved hybridization of 2'-F and 2'-0-R-substimied 
oUgonucleotides to complementary RNA has been attributed to 
the tendency of these dectionegative subsdtuems to shift the 



conformational equilibrium in the su^ moiety toward die 
nordiem (Ci'^endo) conformation consistou widi the A-form 
geometry of RNA duplexes (7,21-23). Desiabilization by larger 
2'-0-alkyl substitutions, on the othex hand, may be caused by 
sieric interference of the larger alkyl chains with other parts of the 
duplex or disniptioo of water structure in the minor groove (7). 

In contrast to die increase in duplex stability observed with 
electronegative substituents at the 2' position, 2'-sulfur linked 
(16) or 2'-carbon linked (17-27) modificaiions were very 
destabilizing (Fig. 1 B). Destabilization due to 2'-a alkyi substitu- 
tion was explained by the tendency of these subsdtuetus to sluft 
the confoimatianal equilibrium of (he sugar toward fhe C2* ertdo 
pucker and away from the C3' endo pucker found in RNA 
duple?^ (24). Destabilization by 2'-5-phfinyl (16). 2'-S-mediyl 
(25) and 2'-Biniiio (26) substitutiGn likdy has a similar explaoaiion. 
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V^Mn h Average A7m (''Q persuhstiiuEion fQr2'>subsiiiuiEd ofigonudeotkies. <A) 2'-fluoiQ., 2'-0^|-, 2'-aalW- and I'^^Oieayi-Eabs&utcd c^onudeoiides; 



In conMst, 2'-p-methyl substitution (50) drives the sugar 
equilibrium toward C3' endo but the 2'-^e%l substiituent 
causes steric conflict m an A-fonn duplex (24). Also shown in 
Figure IB aie two 2'-carbamate substimtions (2S--29). These 
substitutions wci«i veiy destabilizing. Apparently the xigid 
caibaznate causes steric inteileftnce in die minor groove (M. 
Mancriiaran, manusci^t in preparation). 

I^gure ICiepoits die e£fect of additional heteroatoms in 2'-0-R 
substimencs. 2'-0-amino-alkyl substioiiion (30^1) results in a 
zwittenonic oligonucleodde and, on average, had little effect on 
duplest stahiliiy. Similar lesuUs have been tepoxted fbr 2'-0- 
amino-propyl substitution in other sequences (27). The 2'-0- 
anthiaipiinolylmediyl U modification (32) was very stabilizing 
suggesting the amhraquinone may intercalate into tiie hybrid 
duplex. Simihir stabilization has been observed for oligonucleo- 
tides widi intercahlDis anached to die 3' end (28,29). When a 
second oxygen was incoiporated into ihc 2'-(7-alkyi side chain, 
the 2'-0-inefliojQf-ethyI modification (35) stood out as uniquely 
stabilizing. Hus staUiization is apparently associated with the 
ediylene glycol motif; T substituents with as many as four 
ediylene glycol units (37-39) sdU stabilized die duplex. Even a 
nonyl groiq) was well tolerated at the end of the eftylene glycol 
chain (40). This contrasts widi a destabilizaiiQn of 2-3''C per 
substitution rq)otted for y^onyl aubstiiution (7). Tlie ob- 
servation that 2'-0-(CH2);,.0-CH3 substitution stabilized die 
duplex forn a 2 (3S) but had little effect on thjplex stability for 
Its 1 (34)oriia 3 (36)]ed tothehypodiesis diat, dueEofbogoucte 
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effect, die second oxygen of the 2'-ethylene glycol jBsults in a 
confonnation of the side chain consistent widi duplex formation 
(30-32). Results in Figure ID provide fiinher suppoiT for diis 
hypodiesis. Substitoenis with die stnictuie 2'-0-CH2'-CHR-X 
where X = OH, F, CF3 or OCH3 and R = H. CH3, CH2OH or 
CH2OCH3 (41-48) all resulted in substantial stabilization of the 
duplex. Hub suggests an electronegative group at X and any 
group at R results in duplex stabilization. The only exception was 
substitution widi a veiy long hydrocarbon on die second carbon 
(R « OC16H33) (49) which was destabilizing. 

Effect of J'-p substitution. Table 4 reports ATm values for 
oligonucleotides modified at die 3' position. 3'-p methyl substitu- 
tion (52) resulted in reduced duplex stability. Additional I'-a-O- 
methyl substitution (53) decreased duplex stability even fiinher. 
Desid)ilizadon by these substitutions has been attributed to a 
strong preference of the 3'-p mediyl nucleoside for die 2' endo 
conformation which is incompatible widi an A-form duplex and 
to unfavorable steric interactions in die modified duplex (24). 
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Effect of 4^ 'Oxygen replacement. Table 5 lists Ar|4 valuer for 
oligonucleotides in which the ring oxygen of the furanose has 
been replaced wiib sulfur (54), carbon (55) or nitrogen (58). 
Averaged values are plotted in Figure 2A. R^Iacement of ihe 
oxy gen widi S (54) or CH2 (55) had linle effisct on Tm consistent 
with the DMA-like confonnadon adopted by these nucleosides 
(33-35). 2'-0-niethyI (56) or 2'-0-inethoxy-diethoxy-ethyl (57) 
substitution on the carbocycle destabilized the duplex. This 
contrasts with the siabilizii^ effect these T subsdtuents had on a 
xibonucleoside and emphadzes the inqioftance of the gauche 
effect between the ring oxygen and the 2^ oxygen in duplex 
stabili^. 

jbi contrast to ihe slightly stabiliziiiig effiect of S or CH2, 
replacement of die ring oxygen with an N^^sx^l moiety (58) 
destabilized the duplex. It \m been suggested that ihis destaUliz- 
asion is due to distortion in duplex strucmre caused by die acetyl 
group or the tertiaty amide bond (36). hTyi values for oligo- 
nucleotides containing caiixxyclic nucleosidBS modified at the 6' 
position (in the carbocyclic nucleoside, die CH2 which replaces 
the ring oxygen is designated 60 (59-71) are reported in Teible 6 
widi average values plotted in Figure 2B. 6'-a substitution whh 
a methyl ((lO), hydroxymethyl (61), hydioxyetfayl (62) or a 
hydroxy (59) group was well tolerated while 6'-0^OR (0^6), 
6'-a^amino (68) or 6'-ot«cetylamino (67) substitution was 
desiahilizfa^. It has been sugg^ced Oat the stability of hybrid 
duplexes containing 6'-a-0H substinidon is due to favorable 
solvation of the bydroxyl modified duplexes and their potential 
for H-bonding widi adjacent residues (37). Model building 
suggested that 6'-a substituents can be accommodated in an 
A*fotm duplex so destaUlizadon by the 6'-a-0R and other 
subsdnienis may be due to unfavorable solvation effects. 

Oligonucleotides comahu^g T-P methyl-substituted carbo- 
cyclic nucleosides (69*70) liybridized very poorly (Table 6 and 
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Fig. 2B). lUs destabilization might be due to a tendency of the 
r-a methyl carbo^clic nucleoside to adcqrt a 1' exo oonfonna- 
tion which is inconsistent with an A-form duplex structure (38). 
In contrast to 6''Ot-hydroxy substitucnis, 6'-^H groups (71) led 
to diiplex destabilization. This might be related to unfavorable 
effects on base confonnadon such as a preference of die base for 
a syn rather than the usual and orientation. 

Effect qf bicyclic sugars. In an attempt to pre-oiganize the 
antisense oligonucleodde into a strucnire compatible witii A-type 
duplex formadon, several bi^clic sugar modificaiions have been 
investigated. Stnicmres for four of such confbimationally 
constrained buildhig blocks and averaged values for ATm per 
substitution are shown in Figure 3 and exact 7m data foir our 
sequences are listed in "Kble 7. Among diese bic^es, only the 
4'-6'-mediano carbocyclic thymidine (73) stabilized tt^ duplex. 
DNA:RNA duplex stabilization correlates with the tendency of 
this nucleoside to adopt a nonhem conformation (39,40). Tlie 
r-6'-mediano carbocyclic diymidine (72), in contrast, favors die 
Soudiem conformation and resulted in a decrease in duplex 
stability (41). The other two bridged nucleosides (74^75) 
destabilized die duplex substantially. £H»tabilization by (75) may 
be due to the rigidity of diis modification. 
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■ftble 7. Effect of bicyclic modification or cyclobutyl subasiiiution on Tm 
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iSttUCCurcs for these modifications arc given in Figure 3. 
^This oligonucleotide had a single modificeiion in position 10. 
3nC, non-eoopenuive traniiiLion. 




Figure 3. Avemge ATm (^Q per substiniiion fin- oligonudeoddes oonlainiDg 
bicyclic angar analogs. 



Furanose replacemem by faur^membered rings, TVvo cyclobutyl 
nucleoside analogs (76-77) were incoiporaied into oligonucleo- 
tides. They gieatly destabilized the duplex (Fig. 3). 

Nudeobase modiflcatloiis 

^ect of substitution at the 5 or 6 position of thymine, AT m values 
for oligonucleotides containing substitutions ac die 5 and 6 



positions of uracil are reported in Table 8 with average values 
plolied in Figure 4A. Removal of flie 5-methyl group of T to 
generate dU (1) resulted in a slight decrease of duplex stability. 
Substitution of ibe 5-mediyl group with a halogen (78-80) bad 
little effect and subsiinition with a methoxy-cdioxy-methyl group 
(83) was destabilizing. Among the bases substituted at the 5 
position, 5-propynyl dU (81) stood out as most stabilizing. This 
stabilization has been explained by increased stacking (42) and 
has also been observed for S-melhylthiazole-substituied dU (43) 
and tricyclic dC analogs (44). 

A single posidvely charged amino-propyl group at the 5 
position of U (82) had a slight positive effect on duplex stability 
at this ionic strci^. Slight stabilization has also been reported 
for S-amlno-hexyl-subsntuted pyrimidines and has been at- 
tributed to shielding of Ac negative phosphate charges in 
unmodified hybrid duplexes (4S). Interestingly, in another 
sequence, substinition of five diymidines with an analog contain- 
ing a six-atom, anuno-ethyl-3-acrylimido modifier at die 5 
position of dU (84) (Glen Reseaich, Sterimg, VA) resulted in an 
increase in Tm of l«2X per substitution (M. Manoharan, 
unpublished results). Perfiaps the actylimido group contributes to 
stacking in a manner similar to die propyne substitution. 

In contrast to the stabilizing or neutral effect of substiiuents at 
die 5 position, substiwiion at die 6 position (85^ was very 
destabilizing. This destabilizaiion is tnosi likely related to die 
inability of these nucleosides to adopt the and conforroauon due 
to Ihe bulk of die substituent at position 6 (20). ^ 

Figure 4B summarizes die effea of combinations of 5 and 2 
substimems. In all cases die effects were roughly additive. 
(SMnbination of two stabUizing modifications such as 2' fluoro 
and S-propynyl (88) resulted in a veiy stable hybrid. When 
stabilizing and destabilizing modifications were combined, for 
example, 2'-0-meihoxy-ctiiyl widi 5-metlioxy substitution, die 
effect on duplex stability was essentially neutral. 

Effect of otherpyrinudine heterocycle modifications. Tables 9 and 
JO report ATm values for odier pyrimidine modifications- 
Substitution of 04 or 02 of 2'-0-metfiyl U (SKWW) resulted in 
extiemc duplex destabilizarion (Fig. 4C). This is likely due to die 
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llibte 10. Effect of modified pyrimidines on 7m 
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iSinicDves of riKAc modified nucleosides are shown in Figure 40. 

lact that these modifications remove hydrogen bonding sibes in 
Ibe hetOKxydc (46). 

Substitution of T with 6-a2a T (95) was also destabilizing (Fig. 
4D). We speculate this destabilizatlon is due to decreased 
H-bonding because the reduced pJTa for 6-aza T, compared to T, 
shifts the nucleoside toward the enol tautomer (47^9). In 



contrast to the results in I^gure 4B, addition of a 5-propynyI group 
to 6-aza T (96) did not improve RNA binding affinity. 

Figure 4D also plots data for 2-thio T (!^ and 2'-0-methyl 
pseudo U (99). 2.|faio-T resulted in an average increase of of 
+1.4''C per subsiimdon (Pzg. 4D). TUs may be due CO a tendency 
of die 2-ihio nucleoside to adopt a C3' ef\do sugar conformation 
(E. Swayze, unpublished results). ITiis modification also im- 
proved binding to DNA taigets suggesting improved stacking 
also contributes to duplex stability. Hie siabilidng efikct of 
2'-0-metfayl pseudo U (99) was grealier than that of 2'-0-meihyl 
U (6) suggesting that the modified heterocyde itsetf also 
contributes to enhanced duplex stability (30). 

£j^ecf ofpurifie heterocyde modffications^ Although the series of 
oligonucleotides used in this smdy contained modifications only 
on pyrimidine residues, it is important to note thai modifications 
of the puiine heterocycle have also been described which result 
in improved hybrid stability. Among the most stabiliztng purine 
modifications are the 7-haIo-7-deaza purines (51,52) and the 
7-propyne-7-deaza purines (53). The likely cause of increased 
duplex stability for these modificatiQns is incieased stacking of 
the modified purine rings. 

Anotiier modification that stabilizes the duplex is 2-amino- 
adenosine (2,6^amino-puiine). The amino group allows an 
additional H-bond to fbnn with U and rssults in an increase in 7m 
of '^VC per substimtion (54, EJjesnik, unpublished results). 
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Backbone modifications 

The ^ect of non-phosphorus containing backbone modifica^ 
Hons. The unmodified phosphodiester backbone contains five 
bonds and four atoms (-O-PO2-O-CH2-) between die five-mem- 
bered rings of adjacent residues. Several modifications were 
tested in which these four atoms were replaced widi a non-phos- 
phorous containing backbone (Table 11). Replacement of the 
phosphate backbone with four CH2 groups (100) severely 
destabilized die duplex (Fig. SA), Flexible glycol and ether 
linkages (101-103) were also very destabilizing. When C=C 
double bonds (105--107) or OC triple bonds (108-111) were 
incorporated into the backbone, destabilization was less pro- 
nounced but in no case did oligonucleotides with an all carbon 
backbone hybridize to complementary RNA with the same 
affinity as unmodified DNA (Fig. SA). In contrast to diese all 
caibon l)ackbon8s, the thiofbrmacetal backbone (-$-CH2'0- 
CRx-) increased 7^ O.S^C per subsiituticm (55). Tbis stabiliz- 
ation was attributed to die compatibility of die backbone widi the 
co nforma tion of the DN AiRNA duplex due to a shift of the sugar 
conformation toward C3' endo because of die reduced electro- 
negativity of sulfur compared to oxygen (54). 

Figure 5B plots average A7m values for oligonucleotides 
containir^ unsubstiuited urea (112), carbamate (118 and 123) and 
amide (125, 128-129, 139-142) linkages. TbKs^mn (143-144) 
and five-atom (145) amide linkages were destabilizing. Urea, 
cart)amare and five of the four-atom amide backbones were also 
destabilizing. Only two amides did not destabilize die duplex, bodi 
of which had die amide iiioiety located in tlie middle position. Th^ 
luKve been temied amide 3 (129) and amide 4 (139). Modeling 
studies of die structures in Figure SB suggest thsi die backbone 
confcinners for tfiese two amide modifications most closely 
approadi backbone conformations in a hybrid duplex (56,57). 
This, the siaMliiy of diese modifications is lik^ 
of the backbone in die sli^gle sirand to preoiganize in confomna- 
tions favorable for diq)lex formation (58). Apparentiy die less 
flexible urea and carbamate backbones arid die destabili^ng amide 
backbones prefer backbone conformations unfavorable far duplex 
formation. The beneficial efiSect of a rigid bond in die middle 
position (as in amides 3 and 4) was also observed for a trans C=C 
double bond (105) which was die least destabilizing of die all 
carbon backbones (Fig. SB). A single oligonucleotide uniformly 
modified with amide 3 was also investigated (130). Its Tm was 
sUghdy lower diandiat of die unmodified DNA control suggesting 
diat die flexibility of intervening phosphates is required to obtain 
inqxroved hybridization compared to natural DNA. 

To explore the effect of conformational rigidity in die backbone 
on duplex stability funfaer, four analogs of amides 3 and4 were 
tested with an additional bond between die 3' mediylene group 
and C2' of die deoxyribose (162-1(5). Stractures of these aiialogs 
are given in Figure SC. values are listed in Table 12. As is 
seen in Figure SD, all of diese constrained structures were much 
more destabilizing dian die parent amides. 

Data for more four-atom, non-phosphorous backbones are 
sommaiized in Figure 5E. Among these amine, hydroxylamine 
and hydrazino backbones, only two were stabilizing, lliese were 
die inediylene(mediylimino) or MMI (148) and die dimediyl* 
hydrazino (MDH) (157). Stabilization by die MMI backbone has 
been attributed to die fact diat the 3' mediylene group of die MMI 
linkage induces a 03" endo sugar conformation in die sugar 5' to 
the linkage (59). 



Ibble 11. Effect of non-phoKphorouii buckbon»r on 7'm 




>NC, noihcoQperative Transition. 

^TUs oliecmudeotldB contained modified TT and TC dinert. 

oligonucleotide contained an amide baddxme at all 14 posidonA with 
no iatervening phosphates. The heterocycle« woe T und 54nethyl dC dJ m 
is rslalive to a reference DNA oligo containing T and S-mdhyl dC. 
^Id addition 10 the amide backbone, ihese oligonudeoddes coataiaed a 
S-propyne substitiidon on the T 3' to each backbone anbstitudon. 
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Dible 12. Effect of cyclic backbone subjUlulions on Tm 
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l^lc 13. ElTect or 2' suhKritution on 7m of amide 3 or MMl-modified 
oligortucleptides t *^ 1 



^Siiuciures Of these backbone modifications are shown in Figure SC. 
^NC. non-cooperative transition. 

^These olifiOnucleoudes contained only three backbone ntodificauon^ ai posi- 
tions 4^, B-9 and 12-.13. 

^Thb oligonucleoiide contained only one backbone modiflcacion» at po.^ition 
8-9. 

^This oHgonucleoiida contained only two bockbone modifications, ai posi- 
tionA 6-7 and 12-13. 



In an altempt to identify analogs of amide 3 or MMI with 
improved hybridization properties, several A^-substihited variants 
were invescigaced. Results for ^-substituted amide 3 (131-137) 
and ^-substituted MMI (147-lSQ aie summarized in Figure 5P 
and G, respectively. Although small substituents on the nitrogen 
of amide 3 were tolerated, none improved hybridization com- 
pared to amide 3 itself (129) and laige subsiituenis were very 
destabilizing (Fig. SF). For the methyleneimino backbone, only 
the /^-mediyl analog (148) was stabilizing (Fig. 50). AU other 
nitrogen substituents were destabilizing. 

Figure 5H and I and Table 13 summarize die effects of adding 
T subsdmtions to amide 3 (129) andMMI (148), respecdvely. For 
bodi backbones, addidon of a 2'-0-mediyl group on the lower 
sugar (the sugar 3' of ttie modified linkage) (170^ 174) greatly 
stabilized the duplex and 2'-0-methyl substitution on both sugars 
of the modified backbone (171, 179) stabilized even more dian 
2'-0*nietbyl substitutions on a phosphate dicstcr backbone (8). 
Similar effects were observed for 2'-fluoro (175-178) and 
2'-0-meihoxy-ed)yl (180) substitution. This stabilization was 
e;q>lained by the effect of the backbone and the 2' substituents on 
the sugar pucker (60). For the bis-deoxy MMI modification (148) 
the confbmiational analysis indicated 68 and 31% northern 
confoniiattoii for the upper and lower sugar, respectively^ 
compared to -30% northern for sugaxs in unmodilBed DNA. 
Addition of a 2'-0'methyi group to the lower sugar of the MMI 
linked dimer units (174) shifted the conformational equilibrium 
to ^% nonhem conformation for both sugars and resulted in a 
significant increase in 7^. Addition of a second 2'^0*-inetiiyl on 
die upper sugar (179) increased the fraction of C3' endo 
conformation to 95 and 76% for the upper and lower sugar, 
respectively, and stabilized the duplex even further. Thus the high 
stability of modified DNA:RNA duplexes incorporating intrinsi- 
cally &vorable backbone modifications in combination with 
elecoonegative 2' substituents appears to be strongly correlated 
widi the conformational equilibria of die sugars. 

l^ble 12 and Figure SC and D report 7m data for backbones 
containing triazole (166) and imidazole (167-168) heterocyclcs. 
AU of diese cyclic backbones were destabilizing. 

Modified backbones containing phosphorous. Among oligo- 
nucleotide modifications used for antisense applications, diose 
that liave been tested most extensively are phosphate-modified 
bacIdK)nes. Iliese include phosphorotidoaies (61), phosphorami- 
dates (62-^) and metii^ phosplhonaies (6S) in which one of the 
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»Tlii5 ol^onudeoiide coWained T and S-methyl C heteiocyclca. 

^In addition to the indicated 2' substitutions, this olisonudeotkde contained 

an JV-phenyl Sttbsiituuon in the amide backbone. 



non-bridging phosphate oxygens has been r^Iaced by sulfur, 
-NHR or -CH3, lespectivcly. All of these modifications result in 
reduced hybrid stabiUty. it has been suggested dial diis destabilize 
ation is caused by diastereoisomerism due to chirality at 
phosphorous, however, phosphorodithioates, which contain an 
achiral phosphorous atom, also destabilize die duplex (66^8). 

to contrast, substitution of die bridguig 3'-oxygen widi NH 
(N3'-4P5' pha.sphoramidates) resulted in very stable duplexes 
widi Tm increases of ~2^C per substitution (69). Even greater 
stabilization of 4"C per substinition was reported for 2'-'fluaro, 
N3'-)P5'phosphoraroidate oligonucleotides (70).Thesc stabiliz- 
ations, which are some of the laigesi reported to date have been 
attributed to the tendency of the sugar moieties to adopt a C3' 
endo confonnation when die 3'-0 is replaced widi 3*-NH (71). 

ATm data for oligonucleotides containing odier types of 
phosphorous modifications are rq)orted in T^les 14 and 15. 
Averaged data are plotted in Figure 6. Bodi isomers of an ethyl 
phosphinate moiety (181-182) were destabilizii^, as was the free 
phosphinaie (184) ^ig. 6A). Shorter, diree-atom phosphinafies 
(189^190) were also destabilizing. Although addition of a 
2'-0-mediyl group to the lower sugar of die four-atom ethyl 
phosphinate modified dimer units (185-188) iinptDved hybrid- 
ization, these modifications were still destabilizing. Because the 
phosphinate backbone modified oligonucleotides hybridized to 
DNA much more poorly than to RNA, it was suggested fliat the 
lack of an electronegative group at C3' likely favors a northern 
sugar pucker (72). This is supported by die observation dial 
replacement of die 3'CH2 with a more electronegative CHP 
(191-192) reduced duplex stability even further. 

Data for othw phosphorous coniaining backbones are plotted 
in Figure 6B. Thio-phosphate (193). wbit^ has been widely used 
for antisensc applications, reduced 7m -0.7^C f& substinition. 
Averaged over several uniformly modified sequences, mixed 
diastereoisomers of duophospbales reduced Tu by --O.S'C per 
substihition (B« Lesnik, unpublished results). Phosphine oxide 
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TUile 14, Efieci of pluupfaionte nibaUtuiions on f m 
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modificaiions (194-195) and longer phosphale backbones 
(196-197) we very destabilizing. 

Other nmral Imibones, In addition co die modifications men^ 
doned above, there are two inteiesUqg modi&adons diat could not 
be studied in the paitially modified sequences of Ibble 1 because 
ib» synthedc sttategies used for these modificadons could not 
easily be combiDed with DNAphosphoFBmidite chemistry. These 
modificaiioDS are the ^oqihoiyl linked moipholino backbone 
(199) of Summeiton and Weller (73--75) and the polyamide 
backbone called PNA (198) (17,19). Sttuctores and ATm values 



for these modificaiioos are given in Figurfe 7. The fauanBasedhybr^ 
siabilily observed for these modifications is likely due to their 
neutrality and piobably reflects a tendency of the single strands to 
adopt confonnadons favorable for duplex formation. 

Specificity of hybridization. For andsense applications, high 
specificity of Watson-Cfick binding is as important as high 
aflinity of hybridizaiion. For evaluation of hybridization specific^ 
Sty. I'm was measured for seq2 against RNA targets containing 
mismatched nucleotides (C, GorU) opposite the modified T.Tm 
with the motdiBd taiget was compared to T^i with Oie mismatched 
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Figure 1. Smicture and per subs txmtion for (he PNA (196) and rooipholino 
(199) backbones ufied in this study. For RNA, /XTm per substiQidon was 
averaged over die sequences TGTACGTCACAACrA» GCACAQOC, TATT- 
CXX5TCAT0GCrCCrCA, TTTAGGATTOGTOCrcATGG, CKXTTTOOO 
GACCCAACACT, COCTCAAGrrCXJCATCGACXT, TAATGCXnACXVO'- 
ATCC» CXjACrATGCAAGTAC, CGCrrOGCAGTCTC For morpholino, 
ATm was measuiod in a single sequence, UCUG AGUAGCAGAGOAGCUC 

caigets. For all modifications that resulted in increased or only a 
slightly decreased duple^c stabiliQ^ (not more than -l^'C per 
subsdtution)» specificify of the modified oligonucleotide was 
never wwse Urn Oat of the unmodified DNA parent Hie only 
modificadons fSm showed poor spedflcity were those that 
resulted in sizable destabilizatioa These destabilizing modifica- 
tions likely lead to distortions in dtqilex stxuQture that cause 
disn^don of base pairing at the site of modificanon and dnis loss 
of Watson-Crick base pair spedfidiy. 

DISCUSSION 

Analysis of the results presented above reveals four approaches 
that can be used to modify DNA for improved hybridization to 
RNA t^ts: (i) preorganize die sugars and phosphates of die 
DNA single stTand into conformaiicnis favorable for hybrid 
formation, (v) improve stacking by adding a polaiizable group to 
die heterocycle, (iii) increase the number of H-bonds for an A-U 
pair and (iv) neutralize die backbone charge. Bxair^ of each of 
diese will be discussed below. 

Modificatioiis that shift the sugar conformation toward 
the norfbeni pucker 

Sugars in DNA:RNA hybrid duple^ces frequendy adopt a C3' 
endo conformadoit Huis modifications that shift die confbmta- 
tional equilibrium of the sugar moieties in the sit^le strand 
toward dliis conformation should preorganize the andsense strand 
for binding to RNA. Several types of modificadons reported 
above shifted the sugar toward a C3' endo confotmadon. 
Subgtitudon widi an electronegadve atom at the 2' position [e.g. 
2'-fluaro (4-^ (Fig. 1 A) or 2'-0R (6-15, 28-49) (Fig. 1 A, C and 
P)j resulted in a shift towards the northern conformation and, in 
general, increased Tm- Large 2'-0-alkyl substituenis, however, 
were not well tolerated, presumably because of steiic Interference 
fay the flexible alkyl chain widi odier parts of die duplex. 
However, large 2'-0 substituenls were toleraced if dicy contained 
theediyleneglycolmodf (35,37-^9) (Fig, ICandD). Appaienfly 
die gauche e£fect of ttie oxygen y to die 2' oxygisn results in a 
configuration of die side chain favorable for duplex formatian. 

Shift of die siigar cQiiforrriation to wanSs a riorlfaem pucte 
an increased TM^^'Cfc observed for modifications in which 
the 3'i4xygen was replaced widi a noO'^elcctronegative group 



such as CH2 in MMI (148) (Fig. SE) or amide 3 (129) (Fig, 5B), 
widi S in die diiofoimacetal backbone (-S-CH2-O-CH2-) (55), or 
widi NH in die N3'->PS' phosphoramidare backbone (69). Hius 
an electronegative group at die 2' position or a non-electronegative 
group at the 3' position was effective in shifting the sugar 
conformation and improving Tm^ Aldiough it seems clear that die 
presence of a less electronegative group dian oxygen at C-3' 
represents an jrnpoitam feature for modificadons diat enhance 
duplex stability, diis characteristic is by no means sufficient to 
enhance RNA binding affinity. This is amply illustrated by a 
whole range of backbone modifications incoiporating a CH2 
group attached to C-3' which didnot leadto uncieasedDNAiRNA 
duplex stability (Figs 5 and 6). Among diese are Benner's sulfone 
modified oligonucleotides (-CH2-CH2-SO2-CH2-) which gener- 
ate an A-type puckerbut did not improve bindii^g to RNA because 
die sir^e sequence for which RNA binding has been reported 
formed a stable hairpin (76,77). 

Anotiier approach to shift die sugar conformation toward a 
nonfaem pudcer involves die introduction of confonnational con- 
straints using a 4^-6' methyls bridge in die carbocy die nucleoside 
(73) (Fig. 3). A change in die sugar confonnational equilibrium 
towaid a notriiem pucker can also be induced by certain base 
modifications widiout alterations in die 2'-deoxyribose. Thus, 2-duo 
T (98) in combination widi an unmodified sugar-pho^hare 
baddxxie still resulted in a shift of die sugar pucker low^ a 
nordiem confonnation and increased Tm (Fig< 4D). 

Hie beneficial efifea of preorganizatian of the sugar-frfiosphaie 
backbone is also ob.'^erved in the conformationally restricted T-S' 
anhydrohexitol oligonucleotides which exhibit substantially im- 
proved hybridization compared to unmodified analop (78-80). In 
this context, it should also be noted that die inipanance of 
confomudonal preorganization of die sugar-phosphaie backbone 
is most impressively demonstiated by Eschenmoser*s work on 
homo-DNA and related hexose-based nucleic acids (81-84). The 
stability of (2,3-dideoxy-D-glucopyranose-based) homo-DNA du- 
plexes far ej^oeeds diat of naniral DNA/DNA duplexes; however, 
due to their particular confixtmadonal properties, diese analogs do 
not bind to natural nudeic acids and, in &ct, would not be predicted 
to do so (81,82,84). On die odier hand, incorporation of flexible, 
eJycerol-based nucleoside analogs into oligodeoxyribonucleotides 
r e duce d binding dffimy for conq)lenientaiy DNA (and presuma* 
bly also RNA) dramatically (84-86) and neidier dkl glycerol- 
based DNA dialogs fdmi stable self-duplexes (64,86). These 
findings may be rationalized by a reduction in ^ppropiiaie 
conformational preorganization (increased entropy) similar to that 
observed for many flexible baddxxie modifications (see below). 

Modifications that preorganize the backbone in 
conformations fkvorable for hybrid duplex formation 

In addition to shifting die sugar to a confonnation favorable for 
hybridization, modifications can also be made that preorganize 
die incemucleotide backbone part of die modified DNA into 
conformations favorable for duplex formation. These modifica- 
tions do not necessarily have to limit die single sximi to a single 
conformation; diey simply increase the population of single 
strands in conformations fttvorable ftjr duplex formation and 
reduce die population in conformations incompatible widi duplex 
formatioTL Modifications reported above that did this success- 
fully were amide-3 (129) (Fig. 5B), amide^ (139) (Fig. 5B), 
MMI 048) (Kg. 5B) and MDH (157) (Pig. 5E). 
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Pk«organization of the backbone can also be detrimental for 
hybridization. Many modifications tested weit flexible than 
the normal phosphate backbone and likely resulted in pieoiganiz- 
ation of the antisense single strand but resulted in de$tabilization 
of the duplex. Examples include the three-atom (143-144, 
18!^190) and fiv^aiom (145, 196) linkages in Figures 5B and 6. 
The confomiarions favored by these backbones likely were 
incompatible with duplex fomation and resulted in a decrease in 
Tm- Clearly just the right amount of preorganization in just the 
right place was required for improved hybridization to occur. 

Modifications that improve stacking by adding a 
polarizable group to the helerocycle 

Favorable stacking of die heterocyclic bases contributes much of 
the fovorable enthalpy of duplex fomiation for nucleic acid 
duplexes (14,87). Hiis favorable stacking is due primarily to 
favorable interacrions between dipoles and induced dipolcs in 
adjacent residues. Thus modifications to the heterocycle diat 
improve these interacdons aie likely to stabilize die duplex. Some 
examples include subsdmtion at die S position of pyrimidine with 
propyne (81) (Fig. 4A), amino-ethyl-3-acrylimido (84) (Fig. 4A) 
or methyldiiazole (43), tricyclic dC analogs (44) and 7-modi. 
fied-7-deaza-purines (51-53). 

Modifications that increase the number of H-bonds 

H^bonds in RNA duplexes contribute -1 fccal/mol of favorable 
lice eneigy (88). TTiis correlates well with die increase in Tm 
lepontd above for 2,6-diamino purine wbich can form duee 
hydrogen bonds widi U. TTius addition of a Watson-Crick 
H-bond can inqupve duplex stability. 

Modificalioiis tiiat nealralfze the negative phosphate diarge 

has loi^ been known diat chaige repulsion between phosphates 
on opposite siiands provides a significam unfavorable contribution 
to die fiee enetgy of duplex foraiation al physiological ionic 
strengdis (89,90). Thus removal of the negative chaige on one 
«rand is expected to increase duplex stability at physiological Ionic 
strength. Sevoial modifications described above reduced fhe net 
cfaaige on the oligonucleotide and reduced iht dependence of Tm 
on ionic stre^gth(I9,27, S. Freier, unpublished results). Only some 
of diese resulted in an increase in 7m because often the fevorable 
efGoa of die neutral chaige was offset by an unfevorahle effect such 
as preoiganization into a sCnicture incompatible widi duplex 
fiwmarion or increased flexibility of the imemuclcotide Unk^ 

Some of die greatest increases in stability were observed for die 
PNA (198) and moipholino (199) modifications (Fig. 7) which 
Me no longer negatively chazged but whose badd)one conf omia- 
dons are sdll conipatible wifli duplex forawuion. A second 
qyproach to chaige neutralization is to add apositive charge to die 
oligonucleotide. This was done most effectively at die 2' position 
by addition of a 2'-0-amino-alkyl group (30-31) (Fig. 1 Q.and at 
the 5 position of T by addition of an amino aiyi (82) or an 
amino-ediyl-3-aciyliniido group (84) (Fig. 4A). 

Effect of combinations of stabilizing features 

We have listed above four approaches for improving dq)lex 
stability and have presented exaipples for each approadi. It is 
cleat; however, that for most stabili^ modifications^ more dian 
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one of these factors contributes to improved hybridization. For 
example, the stabilizing effect of MNfl is a combination of the 
shift toward C3' eizd^ caused by die 3' CH2, restricted backbone 
flexibility and die neutral charge. Similariy, the stabilizing eifect 
of 2-diio-T is likely a combination of the shift of die sugar pucker 
toward C3' endo and improved stacking. 

All four of the factors listed above also play a role in 
hybridization properties of destabilizing modifications. Fie* 
quendy, in fact, one factor may contribute favorably bur it is 
outweighed by another factor widi a very unfavorable effect- For 
example, die ediyl phosphinates (181-183) (Pig. 6A) have a 
neutral backbone and die 3'-CH2 helps to drive the sugar toward 
a C3' endo conformation. In .spite of dicse effects, however, die 
modifications were very destabilizing, probably because this 
backbone did not easily adopt conformations consistent widi 
duplex formation. Of die modifications reponed above, most 
were, in fact, very destabilizing. Usually, when a molecule was 
modified to favorably affect one of the factors listed above, the 
odier factors were unfavorably affected for a net negative effect. 
Thus, net favorable effects were rare and die success rate was low. 

The most stable duplexes reponed above were formed witti 
oligonucleotides that contained two difiiereni types of modifica- 
tion. These include 2'-0-mcdiyI MMI backbones (179) (Fig. 51), 
2''0-meihyl amide 3 backbones (171) (Fig. 5H), 2'-0-mediyl, 
2-amino-adenosine (91), 2'-fluoro-5-propynyl dU (88) (Fig, 4B) 
and Che 2'-fluoro, N3'->P5' pho^horamidaie oligonucleotides 
(70). The high 7ms were achieved because each of die two 
modifications fulfilled one of the principles oudined above and no 
principle was violated* Thus careful combination of stabilizing 
modifications can produce even more stable duplexes. 

U is important to note at diis point diat duplex stability will also 
be significandy affected by die difference in solvation eneigy 
between the single strands and the duplex. The importance of diis 
parameter has been addressed in some detail in a recent review 
article by Elgi (23). Unfortunately, due to a Lack of structural 
infonnadon* it is impossible to assess die relevance of solvation 
effects for die modified DNArRNA duplexes discussed in diis 
paper in any meaningfid fashion. We do feel, however, diat 
interactions with solvent may play an important role in distin- 
guishing die effects of simple alkyl and ethylene glycol-based 
2'-0-substiuient on RNA bindii^ affinity (see Results: Sugar 
modifications). 

In sumrnaiy, we have tabulated above, Tm data for rougjily 200 
modifications that were incorporated into a single set of 
sequences. We also tried to include data for stabilizing modifica- 
tions studied in odier sequences. In spite of the large number of 
modifications tested, only relatively few strQcnires diat signifi- 
candy stabilize DNA:RNA duplexes were idendfied. It appear? 
that modified oligonucleotides widi very high RNA binding 
affinity need to be constructed by the combination of two or more 
different types of modifications, each of which contributes 
favorably to one of the general factors outlined above. 
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We have previously descrilsed structure-activity stud- 
ies on a 17-mer uniform phosphorothioate antisense se- 
quence targeted to human Ha-/^& In an effort to further 
improve the phanoBcologlcal properties of antisense ol- 
igonucleotides, structure-activity studies on this 17*mer 
sequence were expanded to examine both the effects of 
replacing phosphorothioate backbone linkages with 
phosphodiester linkages and the effects of incorporat- 
ing various 2'-SUgar modifications inio phosphorothio^ 
ate and phosphodiester oligonucleotides on oligonucleo- 
tide stability against nucleases in vitro and on antisense 
activity in cells. Replacement of three or more phospho- 
rothioate linkages with phosphodiester linkages greatly 
compromised both nuclease resistance and antisense ac- 
tivity, and these effects correlated directly with the 
number of phosphodiester linkages incorporated into 
the oligonucleotide. However, substantial nuclease re- 
sistance, suCticicnl for obtaining potent antiscnsc ef- 
fects in cells, was conferred to phosphodiester oligonu- 
cleotides by incorporation of appropriate Z'-alkoi^ 
sugar modiflcacions. Nuclease stability and antisense 
activjQ^ imparted by these sugar modifications in phos- 
phodiester backbones correlated with the size of the 
2'-alkoxy substituent (pento?cy > propoxy > methoxy > 
deosLy). Furthermore, antisense activity mediated by ol- 
igonucleotides that exhibit partial resistance to nudeo- 
lytic degradation was dependent on both oligonucleo- 
tide concentration and the duration of oligoxnicleotide 
treatmentt 



Susceptlblli^ of unmodifled phosphodiester oUgodccDcynu* 
dcoUdes to nucleolycic d^radation by iniracellular and extra- 
cellular nucleases has made them unattracUve molecules for 
ollgonucleDdde therapeutics. Reporcs on the stabili^ of unmod- 
ified oUgodeaxynudeotldes in biological fluids have demon- 
su-accd half lives for these molecules as short as 5 min In serum 
and 30 min in living cells (1-4). The primary mechanism of 
oligodeoxynuclcucide degrsdation in serum has been reported 
to be S^exonuclease acUvity, whereas buCh endonuclease and 
exonuciease aciivlxy have been reponed to play significant 
roles Id the dcgradauon of these molecules In cells (2-7). 

To alleviate the problem of nucleolytic degradaUon, chemical 
modifications of the natural phosphodiester backbone have 
been Inn-nduced into ollgnnudeotides to increase their stability 
in biological sysrems (8, 9). The most commonly employed syn- 



" The cosb of puhlScadon of this ardcie were defrayed In ppri by ihe 
payment of page charges, this article must therefore be hereby marked 
'&(M!tii.tNnertf in accordance widi 18 U.S.C. SccUon 1734 solely u 
indicau chis face. 

ThB nudeoddc scqveAm deserihcd here wtre obtislMd from ehe Gen- 
Bsnk*^ Data Bd/ik with die aecassJon numbctJ0Q277 (Ha-ras). 
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cals, 2292 Faraday Ave.. Carlsbad. CA 92008. Td.: 619-931-9200. 



ihcUc modlflcation designed to reduce oligonucleotide sensitiv- 
ity toward nucleases is the phosphorothioate analog, created by 
replacing one oF rhe nonbridglng aa^gcn atoms of ihe Inter- 
nucleotidc linkage with sulfur (10), Stein and co-workera (11) 
have reponed that ihc stability of phosphorothioaU: oligonu- 
cleotides against purified nucleases in virro varies greatly de- 
pending on oligonucleotide sequence -and the rype of nuclease 
examined. Studies hscye also been performed demonstraling 
thai uniform modiJlcatlon of oligonudeoUdes'wlth iiuclease- 
reslstant linkages is not required to confer enhanced stability. 
For example, increased resistance to degradation in vitro can 
be achieved by substitution of one or more phosphodiester 
linkages at the 3'-end of an oligonucleotide with phosphoro- 
tlnoate modifications (2-5). Alternating phosphorothioate mod- 
ifications with phosphodiester linkages has also been shown to 
increase the stability of rhese molecules against purified nucle- 
ases iii vitro (5). 

Defipite the fact that phosphorothioate oligonucleotides dis- 
play many attractive fcaiores. some potential limitations do 
exist with these compounds, For example, high conccncrations 
of phDsphorothioaTe.s have been shown to rnmpctltively Inhibit 
a variety of nucleases and polymerases (B. 7, 12-14), interact 
with and potentially abrogate tlie activity of heparin-bindlng 
growth factors (13, IS), induce immune stimulatoiy efFects in 
rodents (13. 16). cause complement activation and hypotension 
in monkeys, and induce doLUng abnormaliries in monkeys as a 
result of direct interaction.*; with thrombin (17, 18). Although 
these potential limitations have not proven lu be problematic in 
clinical trials to date, evaluation of novel oUgonucleocidc mod- 
ifications that reduce phosphorothioate content but maintain 
stability against nucleolytic degradation is obviously 
warranted. 

Enhanced nuclease stability of phosphodiester oligonudeo- 
Udes containing modified nucleosides has been investigaiad 
with .some success. IncoTporation of o-anomers into oligonu- 
deotides has been shown lo dramatically increase their stabil- 
ity against nudeolylic degradation (19. 20). Slgnlficaiil wi- 
hanceiiient of nuclease resistance has also been dcmonstrared 
in oligonucleotides that contain a meUiylene group in place of 
the oxygen in the ribose ring (21). Replacement of the. 2'-sugar 
deoxy substituent with 2'-amethyl and 2'-0-allyl modifica- 
tions has been reported rn increase oligonucleotide liability 
toward various nudeases under cell-free conditions (22. 23). 

Cummins at al have extended these studies by demonstral- 
ing thai the sensltiviry of a variety of Z'-alkosgf phosphodiester 
ollgonucteotides toward snake venom phosphodiesterase under 
cell-free conditions Is dependent on the s<7e of the 2'-substitu- 
ent with nuclease rtssistancc cnrrelating directly with 2'-alkoxy 
chain lengcll (24), Tn addition, it has been reported iliat fluo- 
rcsccntly labeled 2'-amethyl and Z'-O-allyl modiHcd phos- 
phodiesfcar oligonudeotides are detectable In mammalian cdls 
for greater periods of time following microinjection, as com- 



14533 



11/14/2005 19:33 FAX 7606033820 



ISIS PATENT DEPT 



^ WOODCOCK 



@01 



Modified Oligonucleotfdes as Antfsense Inhibitors ofHa-ras 



14534 

pared vAth iluorescencly labeled unmodified oligodcoxynude- 
oudes (25). 

Despite The progress achieved invescigacing the stabUlc/ of 
inodiBed oligonucleotides toward nucleases under cell-free am- 
dluons, reports directly demonstrating a relationship between 
the level of nuclease resistance observed for a modified oligo- 
nucleotide under cell-free conditions and the degree of anU- 
sense activity obtained In cells are rare. UnforCanatcly, conclu- 
sions regarding the level and duration of antisense activity that 
will be obtained by a modified, "nudease-resl^canT," oligonu- 
cleotide based on Chc extrapolation of resuUs from cell-free 
nuclease assays can be misleading. One reason for this is that 
the level of nuclease activity that must be overcome by an 
effective anUsense dligonucleolidu prior to. during, and after 
cell uptake is unknown. Purthermorc. different cell types and 
intracellular compartments contain different types of nucle- 
ases and levek of nuclease activity (26). Additionally, sequence 
and secondary structure can greatly affect the sensitivity of an 
oKgonurleotide ro nucleolytlc degradation (24). Thus, It is es- 
sential to directly compare cell-free nuclease results widi an- 
tisense effects in cells when dx'awing conclusions regarding the 
utiUiy of a nuclease- resistant modification for the purpose of 
andsensB ei^loitation. 

We have previously described a 17-mer phosphorothloate 
antisense oligonucleotide targeted Lo the codon 12 region of 
mutant Ha^/BS (GGC -* GTC) that displays sdecUve inhibition 
of mutant Ha-ras expression, reladve to wild type, in cells (27). 
Additionally. siructure-actWiiy studies have been performed 
nn Thin phosphorothioatc in which various 2'-sugar modillca- 
tlons were evaluated for iheir ability lo direct RNase H cleav- 
age of the target mRNA in vitro, lo affecr target affinity, and Lo 
modulate antisense activity against the Ha-ras message in 
cells (26). In that report, it wasi demonstrated that antisense 
activily can be significantly enhanced ihraugh the use of cer- 
tain 2'-sugar modifications thai hybridize to complementary 
RNA with a relatively high affinity, relative to unmodified 
DNA, provided that the oligonucleotide is designed as a chi- 
mera in which the 2'-sugar-modified region of the oltgonudeo- 
dde, which Ir unable to activate RNase H. is fused to an KNase 
H-sensltive deoxy gap region of Che appropriate ]ength. 

We now describe a Ryscematic study in wliich modified chi- 
meric oliRonucleotides were characterized for both their rela- 
tive susceptibility to degradation by purified nucleases in vitro 
and their abiU^ to elidt antisense effects in cells. The anti- 
sense target for these studies was again the Ha-zas oncogene 
containing a GGC GTC point mutation at codon 12 (27). Our 
results indicate that replacemenc of as few as three phospho- 
rothloate linkages with phosphodiester linkages in an oligonu- 
cleotide greatly compromises both nudcasc resistance and an- 
tisense activity and that substantial nuclease resis Lance. 
sufCtdcnC for obtaining antisense activity in cells, can be con- 
ferred to phosphodiester oligonucleotides through the use of 
appropriate 2'-alko>ty modifications. Furthermore, our findings 
demonstrate that the antisense activity observed for uligunu- 
deotldes that exhibit partial resistance to nudeolytic degrada- 
tion is dependent on both the employed oUgonucleoiide concen- 
tration as well as the duration of oligonucleotide treatment. 

MATISRIAUS AND METHODS 
CbUs 3ndReaffena— The human bladder carcinoma cell line T24 was 
obtained from the American T^pe Tissue CoUecclon (Beihe^da. MD). 
T24 cells were grown In McCoy's 5ei medium supplemented wlih \0% 
teii»\ hovinc! .sitruiii ar 37 ''C with S% CO,. ThSfi cell line contAins and 
expreues oncoBenic Ha-ias containing a homozygous point mutation at 
eodon 12 (GGC GTC). (29. SCO. DU'l>iA:DOP£> (Upofecdn) soluUon 
CAAli-(2,3-di0ieylo)^pfapyl|-AW.A^uiethylaRimonSum chloride) was 



*Thc abbreviations V9td are: DOTMA:DOPB. A^[l-(2.a-dideyl- 



purchased Ctom Life Technologies. Inc. (GaiChersburg, MD}. Opd-MEM 
was purthased from Life Technologies. Inc. Snake venom phosphodies- 
terase was purchased from 17,S. Bioehiifnieal Corp. SI nuclease was 
purchased from life Technologies. Inc. 

Oligonudeotide Synt/icsis—^'-Jxi^^d^y and a'-fluoro monomers were 
s^rnchesized as described previously (31. 32). Synthesis of phosphoro- 
thloate and phosphodiester oligonucleotides (deoxy and Z'-modiflcd) 
were perftmned using an Applied Biosyacems 380B aucomatcd DNA 
synthesizer as described previously (27). Purilie$«ticw\ of nligpnucleodde 
products was also as described previously ^7). Purified oligonudrOTide 
products were gre^cer Chan 90% full-length materia] as detcimincd by 
polyacrylamldc gel electrophoresis onalys!);, 

In Vitro Stability 5rudiA9— Oligonucleotides were punHed by poly- 
acrylamide gel elecorophor&sls and dcsaked using Poly Psk r;iririi]^us 
(Glen Research, ScerUng, VA). Labeling was carried out using 
ly^^PlATP and T4 polynucleoUde kina.<te. After die labeling rcacdon. 
the samples were heated 9t 95 'C for 2 min th inactivate the TA polynu- 
cleotide kinase for snake venom phosphodiesterase assays. Nuclea^ie 
^Lability of Lhc oligonucleotides w^s a»$Myttd 0.1 ^ oligonucleotide 
u.^ing S X 10"-^ unita/ml snake venom phosphodiesterase (U.S. Bio- 
chemical Corp J in a buffer of SO mM Triit-HCl. pH B.S. 72 mM CaCl. and 
14 mM MgClj in a Anal volume of 50 pi For BaiSl nuclease ossiiyN. 
nuclease stabilities of the oligonuclcoUdcs wen* «i^y«d ar 0.1 /iM 
oUgonudco(i<le wdrig 2 X 10'^ unicfi/ml AaJ91 nudeafe (Boehringer 
Mannheim) in a buffer of 20 mli Tris-HQ, pH 7.5, 10 mM NaCt. 5 mu 
CaClt. 5 mM NfgCls* 5 mM Et)TA (final volume = \QQ For both 
nudeaae assays, S-yd reacdon aUquots were removed at ihe indicated 
(imes, added to an equal volume of 80% formamide containing brom- 
phenol blue and xylene cyanol gel trscking dyes. 9nd (hen heated for 2 
min at 95 *C. AUquots were then stored at -20 "C until analysis by 
dftn^truring polyacxylamlde electrophoresis. Quandtatlon ww> per- 
formed on a Molecular Dyn^micN PhQ$phni'Tni;)ger (Molecular Dynam- 
ics. Sunnyvale, CA). 

Oh'gonucJeotide Treatment of 6Wls— T24 cells growing in lO-mi 
plulcs i»t ci density of ^0-75% LOnriueitcy were used for ollgonucleoddc 
traaiments and mRNA analysis. Cells were washed one time wiih 
phosphate-buffered »alipe. prewatmed to 37 'C. and Opd-MHM con- 
taining 5 /fg/hil DOTMA:DOP£ solution for lUO nM oligcmurJAnride 
Uvacmencs or 12.5 iig/ml DQTMA:DOPE solution for 1 liu oligonucleo- 
tide U^Blmenls was added to each plate (S mVjplatc). Oligonucleotides 
were added JVom 200 im mcks to each plate and incubated 4 h at 37 *C. 
Following treatment, medium vm removed and replaced with prc- 
warmed McCoy's medium containing 10% fetal bovine scrum, snd die 
cells were incMb9rpcl 37 *C. 

Northern Blot Analysis— Tm^l RNA w«.t pr«;pjir«d from cells by chc 
guanldinlum Isodiylocyanatc procedure (33) 2^- h [tK> iruiipiicid un- 
der 'RasulLs") lulluwicig iriiliaUun of ollgonucleoclde treatment. Totsil 
RNA was isolated by centrifugation of ihe ccU lysaxes over a cesium 
chloride cushion (33). RNA samples were elcctrophoresed ihrmigh 1 .2% 
agarosc-rormaldehyde gel$ and transferred lo Zeta-Probe hybridlzadon 
membranes (Bio-Rad) by capillary diffusion over a I2>l4-h period. The 
RNA was cross-Unkcd to the membrane by exposure to uhravlolet light 
in a Siracalinker (Stracagene) and hybridized to random-prlnicd "'P- 
labeled fiill-lcngdi cDNA probes corresponding lo human Ha-/a.f or 
human glycerald^yde-3-phosphate dehydrogenase. RNA was quanti- 
Luted using H Molecular Uynnmics Ph«>sphni-Im;^er na cincrrilipcl puciVi- 
ifunty (34). 

RESULTS 

PhDspht)rothit)Htc/Phosiphoditst£t ChimtiTQS -In previous 
reports, oligonucleotide phosphorothioatea (P=S} of vatying 
lengihs were tested for andsense activity and selecUvicy for 
Ha-ra5 mRNA containing a G -» T transversion at codon 1 2 (27, 
26). In diosc rcpurtK, anU^ense activity was shown to correlate 
directly with relative afliniry of an oligonucleotide for its RNA 
target and on the ability of the oligonucleotide to aciivate 
RNa.se H cleavage in vitro usin^j HcLa cell cxiracis (22. 23). 
The oligonudeodde chat conferred the greatest mutant selec- 
tivity in chone reports was a 17-mer. the sequence of which is 
shown In Vig, 1. 

Based on the sequence of the mutant selective l7-xner oligo- 
nucleotide, a aeries of chimeric PsS oligonucleotides were syn* 



Oxy)propyl]-Af,Ar,AAtrlmethylammQnlum chloilde: P»S, phosphorothlo- 
ate; P«>0. phosphodiester; oUgo, oUgonudeotlde. 
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Fic. 1. Design of phosphorothloate/ 
phosphodiester chimeric antlsense 
oligonucleotides. The 17-nier antUense 
oligonucleotide sequence is targeted to 
the mutated (CGC GUQ codon 12 re- 
gion of bunion Hn-rwr mRNA expressed 
in the bladder carcinoma cell Unc \2A (27, 
20. 30). Phosphorothloace backbone link- 
ages arc indJc^led t)y a lowercase & be- 
tween beses: phosphodiester backbone 
linkages are Indicated by a Jowcrcsec o 
between bases and are undctliMd. Oligo- 
nucleotide sequence is shown 5' to 3'. 



ongo 



Sequence 



1 CeCsAeCsAsCsCsGsAsCsGsGsCsGsCsCsC 

2 Ce Cs As Cs As Cs Ca Gs ^qQs Gs Gs Cs G$ Cs C$ C 

3 CsCsAsCeAsCsCsSsi^aCsGaGsCsGdCsCsC 

4 CflCttAeCsAggsCs &cAeCoGs Gs Cs G& Oi Cs C 

5 CaClaAaCaAa Ca CoGoAoCo GsGsCsGsCsCsC 

6 Ca Ca Aa ^ Aa CoGoAoCoGoG s Cs Qs Cs Cs C 

7 Ca ea Aa gSoAQCoCoGeAcsCoGeGoCoGs Cs Cs C 
e CqCo AoCoAt>CoCoQoAoCoSoGoCoGoCQCQC 
9 CaCfl AoCs AoCa g oGs AoCa QoGs OoGs CftCji C 



thesized chac contain between 1 and 10 centered phosphodi- 
ester (P=0] UnkBgL^i. 'rtiese oligonucleoudes, along with a 
nonchlxnerlc P=5 17-mer and a uniform P=0 l7-incr, are 
shown in Fig. 1. These compounds were characterized for 
endonunlaaaa sensiuvl^ in vitro using 5a/31 endonuclease 
(Fig. 2). 

Hie uniform P^S and the chimera containing a single P-0 
linkage (oUgos I and 2) were both totally resastanL to cndanu- 
cleaaic ilcgrddaiiuri. Addillonally, nuclease sensitivity cnrnv 
tared directly with the number of P=>0 linkages ('P=0 con- 
tent") Ibr chimeras containing 2 or moru P=0 linkages. Hie 
greatest increase in nuclease sensltMty occurred when P=0 
content waA increased from three linkages to four (ollgos 4 and 
5, respectively). Finally, all of the chimeras were less sensitive 
to nuclease degradation as compared with the uniform P=0 
oligonucleotide, with the exception of oligo 7 which contains 10 
consecutive P-^O Unkageii. 

To determine the ability of P=S/P»0 chimeric oUgonudco- 
Udea ID elicit antlsensc effects In cells, Ka-rEi^ transformed T2A 
cells were treated in culture with oligonucleotides 1-8 (Fig. 1) 
at a Anal oligonucleotide concentraiiun of either 0.1 /iM ur 1.0 
ftM and antisense actlvl^ was assessed by analysis of ll^-r^s 
mRNA expression. As shown in Fig. 3, oligonudeotide-medi- 
ated inhibition of Ha-/a5 mRNA expression was dose-depend- 
enL At the high dose (1.0 /im), complete Inhibition of Ha-ra5 
mRNA expression was observed for oligonucleotides 1-6 (Fig. 
3Q. However, at the low dose (0.1 fAM], the relative antisense 
activity becween oligonudeotldes containlnfl different amounts 
of P^^O linkages could be readily distinguished. CIdnicras am- 
talning one or nvo P^O linkages displayed activity equal to 
that of the parent uniform P=S. However, as P=0 content was 
inci^eased beyond two linkages, antisense activity gradually 
decreased. Antisense activity was not observed at either dose 
for the chimera containing 10 consecutive P=0 linkages (oligo 
7} nor with the uniform phosphodiester (oUgo 8). 

The kinetics of anciscnsc inhibition of Ha-/BS mRNA was 
also determined for the P- S/P=0 chimeric oligonucleotide 
series (Fig. 4). In this analysis. T24 cells were treated with a 
rdBtivcly low concenlralion of aiiUscnsc oliguiiudcoLidc (U.l 
|am) and Harrsts mRNA levels were determined at 4, 10, and 
24 h following Initiation of oligonudeotlde treatmenL l*he de- 
gree of antisense activity induced by Che chimeric ollgonudeo- 
ildes was found to be highly time-dependent (Kig. 4). Oligonu- 
cleotides containing 0. 1. or 2 F=0 linkages all displayed the 
greatest activity, which was equal and maintained throughout 
the analysis (up to 24 h). Ollgnnudeocldes cnntalning 3-5 cnn- 




Ibne (min) 

Fic. 2. BaBl endonucleaae degradation of phosphorothioate/ 
phosphodiester chimeric ollgonudcotidcs. Oligonucleotides l-R 
(Fig. 1) were incubated with &/31 rmdease for (tie indicated times as 
described under "Materials and Methods.*' Full-length CintMcf) and 
digested oligonucleotides were resolved on 20% denanirmg pdyaciyl- 
simide gds. sind qu^nhlarien of fuU-length (1 7-mef) oligonudeodde was 
perfbrmed as described under 'Materials and Methods." The number 
next to each digestion curve refers to the oUgonuclcoddc numbers 
described In Fig. 1. t'ercencage Intact was calculated by comporison 
with lull-Length oligonucleotide levels in samples chst did nor rAceivc 
Bri/3l nueln^LSK. The rrtNulLs ;irR rRprcMtiiiiilivR of ihi*ee independent 
experiments. 

sccutlvc P=0 linkages displayed good to moderate acLivlLy at 
the early rime pnint (4 h) hut .sulMtanrlally diminished activity 
over time. This loss In activity over time for oUgonudeotldes 
4^6 correlated well with the loss of intact oligonudeotlde over 
time In these cells as decermined by capillary gel electrophore- 
sis.^ Oligonudeotlde 7, which contains 10 consecutive F-0 
linkages, as well as oUgonucteoride 10, which ronrains eight 
aliemailng r=0 linkaf^es. displayed no siRnlHcant antisense 
aclivily at any Linic following oligcmudcoLidc adiniriisLraliun. 

2f 'Svger-modified Chim$r&$r-K series of 2'-alkoxy and 2'- 
fluoj-D. sugar-rnodined uligonudeotides were analyzed for their 
ability to confer both resistance to snake venom phosphodies- 
terase oxonur.lease activity In vitro and antisense activity 



* B. P, Monii». unpublished experiments. 
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Fic. 3. InfaibMon of Ha-rasinRNA expression by phosphorothloate/kihcisphodiestn- chimeric antlsense olIgonucleoUdeB in cul- 
tured T24 cells. Ha-wand gLycerBldehyde-3-phoaphace dehydrogenase mRNA levels vrere detcnnlncd by Northern blot techniques In T24 cells 
created vdth andsenae dlgonudeoildes at a concentration of either QA yMiA) or \,0 ^iMiBi. No TV refers lo no ollgonucleoUde treatment; ConnvJ 
refers co creaiment with a mismatch control uniform phasphoroihlaace ollgonudeoUde (CCizCACCGXCGG^GCCC); numbers 1-8 refer to 
treatment of cells with oligormclcoddcs 1-8. which arc described in ViR. 1. C quaiititatiuti of nurmHiized Hvi-rzi^ mfcNA levels shown in fmncUs A 
nn<l JB. Qunnritntion waj performed by PHospHorlmagcT analysis, as described under •Materials and Methods." Peticejitage of conirol was 
calculated by comparison with Ha-rar mKNA levels in cells that did nui njceivo oligonudcotidc. The results are represencaUve of two iride|)«iidi:iii 
experiments* 

In Lclhi (Fig^i. 2-4). the Hdcrss mutaiu-selecdve 17-n:ier test 
sequence was designed as a clumcm containing Z '-sugar-mod- 
ifled/P=0 regions flanking a centered deoxy/P=S "gap" that is 
of sufficient length Co support RNase H acdvity in vitro and 
antisense acUvity in cells (28). \n addition, oligonudeoddes of 
identical design but containing a uniform P^bs backbone were 
synthesized and tested Tor comparative antlsense aciivicy. The 
sugar modincalions Included In this series were methoxy, 
propoxy, pentoxy, and ttuoro. These modlEicadbns have previ- 
ously been reported to markedly atTeci atlinity for a comple- 
mentary RNA scquCjiLc with a rank order (high CO low alBnlty) 
fluoro > mathnxy > propoxy > penioxy = deoxy (28). The 
design of these chimeric oligonucleotides along with the chem- 
ical structures of the sugar modification.*! examined in this 
study are illustrated in Pig. 5> 

Signincant exonuclease resistance, relative to the unmodi- 
fied di>oxy/P=0 chimera, was observed for all of Che 2'-alkoxy- 
modififed oligonucleotides (Fig. 6). However, die degree of re- 
sistance conferred by a given 2'-3lkoxy modification was 
dependent on the length of the alkoxy chain. The pcnCuscy 
nnadliication clearly conferred the greatest cxonudcase resist- 
ance, displaying stability CO degradation equal to that of the 
uniform deoxy/phosphorothioate (ci^^ > 5 h). The 2^propoxy 
chimera displayed resistance dramatically less than that of the 
pentoxy chimera but slightly better than that displayed by the 
mechoxy chimera (propoxy /Vi - 60 min; methoxy rVh 30 min). 




Pic. 4. Kinetic analyais of Ha-rasmKNA reduction In cultured 
T24 cells by phospborothloate/phosphodiester chimeric anU- 
sense oligonucleotides. T24 cells were treated with O.t fiM of the 
indicated oligonucleotide (oligonucleotides 1-9 as described in Fig. 1). 
and Ha-i-as mRNA levels were determined at the indicated times fol- 
lowing initiation of oligonucleotide creaonem. as described under 
"Mfileriiils and Metliods." Percentage of control was calculated as 
described in Fig. 3. The results are representative of two independeni 

KXfl^rilOrAtS. 

against Ha-ras in intact cells, ^nce these modifications have 
been reported to be unable to support IWasc H cleavage in 
vitro (28), and since three or more consecutive deoxy/P»0 
linkages greatly compromisiss the antlsense activity iib.qerved 
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O|]0Bnucl9efld* 



Z SubsHtuont/Sfnicnire 



1 

10 

11 

12 

19 
U 
16 
16 
17 



Deoxy 



94 cn, 



CaCsAsCt AftCflCa eiA»C9 GsGsCsQsCa Cs 

Co Co AO CO Ao O Ca G^AsCh ®j Gs Co So Co Co 

|C» Ca A» cTAij Cft Cl Gi At Cl Gb Gs [Cs G$ Ca"cs] 

ICo Co AO CO AoJ Cb Ci 09 Afl Co Gs Gt [co Go Co Co| 

[C« Ca Ai Ci">il] ca Ca G3 As C5 ©s Ga |Cs Gs O "cTI cl 

ICo Co AO Co Ao|C» Cs G& Aa Cs Gs Gs [Cq GqCq Co| cJ 

|C$ O AO Cs Aoj cs C* Ga As CS G$ Gs |Ca Go Cs Csl cl 

OoAaCo AilCsCs Qa AsCS Gt ^ |Co GoCo CoJ cJ 

' ] Toea 

nuoro 



CO 



let Ct A» Cs Aaj cs Cs Gs As Cs Gs Gs lOs Gs Cs"cri C 
|Co Co AoCo Ao|Ci Ca Gi As Cs Gs Gi jCo GoCo'co| C_ 



Fio 5 DesJcn of Z'^aar-modincd chimeric antisense oUgonudeotidcs. T>ih IT-mer antiscnsc ollgonucleoildc scqucfii:^ rarReted to 
mumced (GCC -r GUC) Ha7a5 codon 12 mRNA wos synthftsiaed with the indicated 2'-sugar modtficDrion {boxed sequence flanking a ccnlcnfij. 
-RNbsb H-scnsitive- deoxyphospliortthioate region of seven nucleoUdcs. The 2'-modmed regions were synrheslzcd with cirher Pn^Phw^wi^ffe 
U0wen;»9t s between bases) or phosphodicsM=r ^owenase o between bases) backbone linkages. In addition. 9 uniform dewtypho^iihodieflter/ 
phosphorothloatc cWmerte oligonucleotide was synthesized (ougonudeodde 10). Oligonucleoade sequence is shoMwn 5 to 3 . 




Time Cmin) 

Flc. 8. Snake venom phosphodleaterBSC degraulailon of 2'-fiUgar-inodlfied chimeric oUgonudcOUdes. Oligonucleoildcs wen; incu- 
bated wiih snake venom p))OSpliodlesterB&e for che indicated dmes as described under "Materials and Methods/ FuU-Length Clncacl") and digested 
oligmvucleotldes were resolved on 20% denaturing jmlyacrylamide gels, and hill-lcngrh oUgonudcotJdc w^s (jaandcaLed at the indicated time points 
as described under "Materials and Methods.* OUgonucleotldes tested Dre described in Fig. S and are indicated as foUows. uniform deoxypho- 
aphorothloata (oiigo I): E'-pemoxy/P=0 chimera (digo 16); A, Z'-prppoxy/P-O chimera (oUgo 14): 2'-methoxyyp=0 chimera (ollgo 12); 
2'-fluora/PaO diSmera (dligo 18): 2'.deaxy/P - O chimera (oligo 10). Percentage intact w^s calculated as described in Fig. 2. The results 
reprcscntviive of three independent experiments. 



Vhe 2'-nuon)-modi5p.d chimera displayed no enhanced taconu- 
clease rpjiiRtance. as compared vfith the unmodified denxy/P=0 
chimera (c^v ^ 

Tlic results described abuve indicate thai liic rank order 
resistance to cxonucleolytlc degradation conferred by the 2'- 
sugar modiflcaLions tested In this study are penioxy > 
proptsxy > methnxy > fluoro = deoxy. Tn determine whether 
these in vitro results correlate with andsense activity in inmcc 
ciJls. these same oligonucleotides were tested for inhibition of 
Ha-rviff mRNA eicpresslon at two dtxses (0.1 ijM and 1 .0 mm). Aa 
shown In Fig. 7, antiscnsc activity of rhe 2'-modlfled chimeric 
series was dose'dependent. As previously reported (28), all of 
the chimeras containing a uniform P=S backbone displayed 
potent activity at both low and high oligonucleotide concentra* 
rions. However, the level of activity achieved for these chimeras 
differed, depending on the particular modlQcatlon, with the 
Tiiost potent mndificailon In the uniform P^S backbone being 
the 2'-fluoro followed by the 2'-methoxy and 2'-propoxy. The 
Z'-pentoxy chimera displayed activity equal to that of the par- 



ent deoxy P«S oligonucleotide. This rank order porrmey for 
these 2'-modified diiincras (fluorn > methoxy > propoxy > 
pL^toxy =- deoxy) correlates directly with the ainmty of these 
molecules for their complemenLEiry RNA sequence (28). 

ITie relative accivlty of chimeras containing 2'-modlflc8Uuiis 
in a P»0 backbone was markedly different from that of the 
uniform P=S 2'-modlfled chimeras (Fig. 7). In this case. acLiv- 
ity did not correlate with relative affinity far the complemen- 
tary RNA sequence but Instead correlated with the snake 
venom phosphodiesterase cxonuclease resistance conferred by 
the particular 2'-mod1ficar1on (Fig. 6J. The exonuclease-resist- 
ant 2'-alkoxy-modifled chimeras all displayed duse-dependeni 
activity. However, the most uttive oUgos In this series con- 
tained 2'-pentoxy or 2'-propoxy modiAcations. The 2'-mcchoxy 
chimeras dteplayed intermediate actMty, and the 2'-fluoro and 
unmodified deoxy chimeras displayed no antisense activity at 
cither of the employed concenirations. 

The kinetics of antisense inhihllion of Ha^/as mHNA expres- 
sion by the 2'-modined P«*S/P=0 dilmaras was also examined 



11/14/2005 19:34 FAX 7606033820 



ISIS PATENT DEPT 



* VOODCOCK 



il 022/033 



14538 



Modified OUgonudeatides as AnOsense Inhibitors of Ha-ras 



B 



J$ V ^ to 11 12 13 14 18 16 17 16 



QligO ^ ff 1 10 11 12 13 14 15 16 17 18 




I Jl J ^ J J I.. ^ — l. 



Olge 1 10 UP U M IB M 17 ie 



Decay 



2r sugar StiMihienl 



2* Sugar Subainuenl 

' ^1 w^u.^^.r».^i,«„«K.»„ ,4iIj;L<irrto««flfii> tnWNA Were dfltemiindd bv Northern bloi lechnlQuas in T24 cells trcatcO w»lii 

a/ refers to tre^uneni 
18 rcrcr 10 treatment 



Ha-ras 
modtfiRcl 
with 




of 1^18 wltb aliBsmucleoades 1 aTiU lO-ll. which arv ilwcrtbed In Pig. 1 . C quamlcatlon of nonnalized He-^- „,RNA leveU ^^^^ -^f;^^. 

2?!modinBdfl>-0 ba^ sniid bars tndicato 2'-modlflcd P=S l>arikhones. Quanritaljon was performed as describfld under Materials tfiij 
Methods • Percemage of contrti was calculaced as described in Fig, 3. The results are representative of three independent cj^pertments. 



in T24 cells U-eaied with low oligonucleotide doses (0.1 /iM). 
(Fig. 8). Duration of antiscnsc aciivlTy for a particular 2'- 
modified oligonudeotide rorrelaccd directly wiLh Llio relative 
resilsiLance lo snake venom phosphodicsiLui^se-mediated exonu* 
clease degradation in yniro (Fig. 5). For example, ai 4 h follow- 
ing oUgoriudoocide ireBtment. the extent of acuvity for pent< 
09^, propoxy, and mechoxy dllmeras was virtually indisdn* 
guishable. However, el 48 h following initiacion of oUgonudao- 
dde treatment a dear rank order accMQr was apparent (pent- 
oxy > propoxy > methoxy). At no time point did the 2'-nuoro- 
modWed P=S/PwO chimera or the unmodified (deojcy) P=S/ 
P=0 chimera display significant activlry. TheRR results 
rlemonscraie that, in a P=0 backbone, relative acdvixy of a 
modified oUgoxiudcotlde is .strongly dependent on chc degree of 
nudease stability conferred t)y oligonudeotide modificaUons 
regardless of relative affinity for the target mKNA. 

DISCUSSION 

We have previously Identified a 17-mer phosphorothioate 
anti&ense oUgonudeoUde targeted to the Ha-ras codon 1 2 point 
mutation (GGC GTC). which displays point mutation spec- 
iClcity for mutated fumut of Ha-r^f (27). We have also shown 
previously chat incoqioration of high affinity 2'-i;ugar modifi- 
cations within this uniform phosphorothioate olignnudeotide 
Innreaxes antlsense poien^ up to Ifi-fbld in a manner that 
correlates directly with increased target affinity conferred by 
the particular 2 '-sugar modification (28). In that study, relative 
nudease stability of the modified oligonucleotides did not con- 
tribute significantly to relative anlisense activity, siince activity 
was assessed at short times Following oUgonudeotide treat- 
ment and the oligonucleotides were synthesized as stable uni- 



form phosphorothioates. 

In this rt- port, we have used this 17-mcr sequence m rest the 
cffetrts or repladng P=S backbone linkages* wUh P=0 linkages 
on both nuclease stability in vilro and anrisense activity in 
cells. We also detennined die relath^e stability of ollgonudco* 
tides containing various 2'-sugar modificaUoos against nudft- 
asc degradation in vim and their relative activity for inhibit- 
ing target gpne expression in cells. Our results ckmpnstrate a 
dear correlation between the in vitro nudease stability and 
antlsense activity of the tested modified oligonudeoiides, Ra- 
placemant of P-S linkages with P«=0 linkages was found to 
greatly reduce both stability toward nudeases in vitro and 
aiitisense activity in cells. FurthermDrc, a direct comilaLiutJ 
was observed between the number of P=0 linkages inU-oduced 
Into an oligonudeodde CP=0 content") and nuclease seositiv- 
iiy. However, reduced antisense activity resulting from the 
introducTion of P=0 linkages was overcome to some extent 
through the utilization of higher oligonucleotide concentrations 
or by examining antisense effects at shorter time periods fol- 
lowing the Initlatlun of oUgonudeotide treatment. 

In agreement with a previous report (24), 2'-alkoxy modifi- 
cations introduced into a P=0 backbone were found i o increase 
stability toward snake venom phosphodiesterase in a manner 
thar correlated directly with 2'-alko]^ chain length. 2'-pentoxy 
modifications were found to be the most stabilizing sugar mod- 
ifications examined in this study. This modification, wJicn 
tested in a P=0 backbone, displayed stability toward cxonu- 
deolytic cleavage in vfrm and antisense activity in cells equal 
to that of a uniiorm dcoxy/P'*S oUgonudeotide of the same 
sequence. 2'-prtipoxy/P»0 and 2'-meiho9Qr/F»0 oligonudeo- 
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FIC. » Kinetic analysis of Ha^rasmRN A r^duccton in cultured T24 cells by 2'-st*gai-modifled chimeric an^sens^^^ 
T24 SdU v!«re crcacedlSdi 0.1 fiM of the. indicated oligonuctecrlde (ollgonudcocidr:^ 10. 12, U. 16. and f f f.* "f*?? 
nOWAlevelswcccdcicnnliiedatihc indicated dmesfollowi of oligonudeoOde ireatincnk. sis described under -MaierialsandMcinoas. 

PercencBfie ofconCrOl was calculoUsd sw described in Fig- 3. The results ore retiresentative of two independent ocpimrnhfiw. 



rides were also found co confer signiacant nuclease resistance 
relative to a dcoxy/P-0 oligonucleoilde* As was die case for The 
2'-pena)xy/P=0 modificatloos, these 2'-alkoxy P=0 modified 
ollgonucleaiides also elldied signltlcant antisense effecls iii 
cells that were both dose- and dme^ependeni and in a manner 
that correlated with relative stability against nudeolytic deg- 
radaUon Jn v/rro. A 2*-fluoro/P=0 modified olignnudcoUde dis- 
played sensitivity toward snake venom phosphodlcsicrase 
equal to that of the unmodified deoxyphosphodiester oiigonu- 
deodde and was completely ineJfccdve as an antisense agent in 
cells. These results demonstraie ihat appropriate 2'-sugar oil- 
gonuclcotide modiflcations are attractive alternattvcs for the 
design of effective nudease-stable antisense molecules with 
reduced phosphorothioace content. 

All of the 2'-sugar modifications described above were also 
tesced as chimeras having a uniform P^S backbone for anti- 
sense aclivily in cells. As we have previously reported IZH), all 
of the Z'-.suBar-modllied P=S chimeras displayed potent anri- 
scnse acdvlty in cdls. However, the level of acrtvity achieved 
for dtese chimeras differed, depending on relarlve affinity for 
Their target RNA and not on relarive nuclease resistance (rel- 
ative allinicy = fluoro > methoxy > propuxy > pencoxy = 
deoxy). Thus, for 2^modlfLed/P=0 oUgonudeatides. antisense 
potency Is most dependent on the degree of nudease .stability 
conferred by the particular 2'-sugar modification. However, for 
oligonudeotldes stabili2cd by uniform P»S incorporation, ad- 
dtrional nudease sensirivity is not an Important determinant nf 
andsense acriviiy when tested up to 4B h following oligonudeo* 
ride crcatment. Under these condition.5, andsense acdvlty is 
primarily deccrmined by the reladve aftlnlty of the oligonucleo- 
tide fur Its target RNA, which in cuufen-ed by a particular 
2'-5ugar modificadon. 

In addition to the studies described above, wc have also 
examined the nudease senslrivlty and 8nti5ense activity of 
2'-niodified chimeras in uniform P=S backbones over very long 
periods of time fdllowtng oligonucleodde treatment (>60 h). In 



these studies, we have observed that combinaUon of nudease^ 
resistant sugar modiflcadon.'i and nudease-reslstant backbone 
modlficacions yields antisense molecules possessing levek of 
nudease resistance far greater than that of simple P=S oUgo- 
nucleotides.^ These findings suggest that when the level of 
nudease resistance required for a particular ollgonudeotidc 
application is even greater than that conferred by pbosphoro- 
diioate oligodeos^udeoddes. combinations of nudease-resis- 
tant backbone modifications with nudease-reslstant augar 
modifications may be the design of choice. Sudi an application 
has been suggested by Agrawal and colleagues pS. 36)» who 
demonstrated oral bioavailability in rodents witii a a'-medioxy 
chimeric phosphorothloar^. The study reponed here suggests 
Chat utlllzadon of other 2'-modlficeitons that display even 
greater nudease resistance than Z'^^methoxy {e.g. propoxy and 
pcntoxy). when Incorporated Into a P=S backbone, may yield 
oligonudEondes with even gnsatcr bioavaUablHty than 2'-me- 
thoxy chimeric P=S oligonucleotides. Studies examining these 
and otiier pharmacokinetic parameters for Z'-modified anti- 
sense oligonucleotides are in progress. 

AcknuwJedgamts Wr; ilisnk Tracy Kelglc for gruphlcs and Briwiirk 
and Josephine Huroe for excellent typo (graphical assistance. 
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We have eharaeteriased oloned Hk-tag human RNase 
Hl« Hie Bfstiiri^ of the msyme eiUbited a belt^ahaped 
reaponfle to divalent cations and pH« The optlniiini con- 
ditions far oatalysiB oooBlBted of 1 idm Mg^"^ and pH 7-8. 
In titiB presence of Blg"*» BSn^'*' was Inhibitory. Hnman 
RNase HI ahares many eu^ymatlo propeitias with Each- 
erichia eoU RNase Bl. The human en2fyme cleaves RNA 
In a DNA-RNA duplex resulting In products with 
phosphate and S'-hydroacy termini^ can cleave overhang- 
ing ain^e strand RNA adjacent to a DNA^RNA duplex, 
and is unable to cleave Hubstrates in which filthsr the 
RNA or DNA strand has 8* modlflcattops at the cleavage 
ettOb Human RNase Rl bmds selectively to "A^bim^'-typ^ 
duplexes wMi approaJmately 10-20-fbld greater affinity 
than that observed for & eott RNase HI* Hie human 
anaymo displfiO^s a gr eater initial rate of cleavage of a 
heterodupleK-containing RNA-phosphorothioate DNA 
than an RNArDNA duplex Unlike the eoU enzyme, 
human RNase Hi displays a strong posithmal prefer- 
ence for cleavagOf ia it cleaves between B and 12 nucle- 
otides from the 6'-RNA^'-DNA terminus of the duplex, 
mthinliie preftered cleavage sitei the enzyme displ^ 
modest sequence preference with 617 being a preferred 
dinucleotlde. Hie BoxymB is Inhibited by single-strand 
phoaphorotliloate oligoandeotideB and displays no evi- 
dence of processivlty. The minimum RNA-DNA duplex 
length Aat supports cleavage is 6 base pairs, and the 
minimum RNA>DNA '^p size" that supports cleavage is 
5 base pairs. 



BNase HI hydratyzes RNA in RNA-DNA duplcoea (1). Fn>- 
teiofi with BNase H activity have been isolated firom numenras 
organisms raziging from vinuas to mainmaliaxi cells and tis> 
BUSS (2-7). Althou(s^ BNase K isolypes vaiy substantially in 
molecalBr weight and associated fonctionSi the nuelaaae prop- 
esties of 1^ eiufymes are similar. All RNase H enzymes, fin* 
example, fonctian as endonucleaaes, spedficaDy cleave ENA in 
RNA-DNA duplexes, re<ioire divalent cations^ and generate 
products with S'-phosphate and 3'-hydro^l terzniiu (7). 

In prokazyotes, three classes of RNase H enzymes, BNase 
Bl, H2, and H9, have been identified. RNase H2 and H3 share 
significant seipieaoe homol^, whereas RNase HB and RNaao 
HI share similar divalent cation preference and cleavage prop- 
erties. Of the three classes, RNase H2 appears to be the most 
ubiquitous (8). To date no origanism baa been shown to express 
active fonns of all three classes of BNase {L The best charac- 
terized Qf the prokazyotie eosymee is Escherichia adi RNase 
HI (9-18). lUs enqrme is believed to be involved in DNA 
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replication (14). Ihe key amino adds involved in metal binding, 
substrate binding, and catalysis have been identified and are 
highly conserved m the BNase H family (12, 15-17). Further- 
more, the enzyme-substrate interaction has been elucidated 
based on both the liiree-dimsnsional structure of the en^me as 
well as chemical and structural modification of the heterodu- 
pies substrate (10, 13, 18-21), 

RNase H has also been shown to be Involved In viral repli- 
cation* RNase H domains have been identified in viral reverse 
transcriptases, and theae typically share homology with £. coli 
RNase HI (16). "Hie RNase H portion of the en^e has bean 
shown to deave tiie viral RNA strand producing RNA primers 
for s^ond strand DNA ^thesis, thereby converting the viral 
RNA into double strand DNA (22). 

Two dasses of RNase H enaymes have been identified in 
mnmrnalian cells (2^6). lliey were reported to diffisr with re- 
spect to c(>-factor requirements and activity. For example, 
RNase H type 1 has been shown to be activated \sy both Mg^"^ 
and Mn^"^ and was active in the presence of suUhydryl re* 
agents, whereas BNase H type 2 was shown to be activated by 
- only li^* and inhibited fay Mh^'^ and suUhydzyl reagents (6). 
Althou^ the biological roles of the mammalian enzymes are 
not foUy understood, it has been suggested that mammalian 
BNase H type 1 may be involved in replication and that the 
type 2 enzyme may be involved in transcription (26, 26). 

Recently both human RNase H genes have been doned and 
expressed (16, 17, 27). In a previous study we have reported the 
cloning and es^ression of a His-tag-labaled BNase H from 
human cells (16). The human enzyme was homologous to & colt 
RNase HI. However, its biochemical properties were similar to 
those reported for the partially purified RNase H type 2. Be- 
cause it was the first human enzyme to be cloned, it is referred 
to as human RNase HL Additionally, a s econd human RNas e H 
has been cloned (27)^ but not yet been expressed in an active 
form. It was shown to be homologous to E. toli RNase HZ (28). 
It is referred to as human BNase H2. 

In this communication we provide the firat detailed charac- 
terizatian of Qie enzymological properties of human RNase HI 
and compare its properties to those of the homologous protein 
E. eoli RNase HI. Theas studies provide a basis to begin to 
develop a better understanding of the biological and pharma- 
cological roles of the boman BNase H family and to design 
antisense drugs that interact more efiectively with the enQnne. 

EXPERIMSNTAL PROCSDimES 

Maieriala—TA polynudeotide kxnase was purchased ihmi FTomega 
CMadisoQ, WI). ['y-*'FlATP and ["^Icytidine bidphoaphate were pur- 
chased from ICN Qrvboj GA). RNaae iohibiter was from 6 Prime 3 
Prime, Inc. (Boulder, 00). Calf intestine alkaline phosphatase (Clff 
and T4 RNA Ugase wera puzdmsed from Roche Molecular Biochenii- 
cal^}. Soma QUgodeo]^udeot(dsB were pordiased from Betrogen Inc. 
(San Diego, GA). The diEodeoiyiiudeatides were greater than 90% 
ftiU>lengthmateriBl Birdfiterauiied tvospillaiy gdelectrophoraais anal- 
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ysiB. Human RNose HI with a Hu-tog was QCKpraaoed and purliled ftom 
a bacterial expmglon ayetem a« deicribad luravlouflly (16). 

Ollganudaotide ^jmtAena— Sjndieaifl of S^methoaQr, 2'«fluorO| 2'- 
ptopozy, and daoxy ehlmaric oUgonudeotifleB was peribnsed using an 
Applied Biosjrataas 360B automated DNA aynthaaiaer as described 
provioualy iZ9, SO). Purification of oligonudeofeides vafl also aa de- 
Bcxibed preYiously (29, 30). Purified oUgonudeotides were greater than 
90% full-lengli) material aa determined by capillaxy gel electroidioretic 
analysie. 

^P'labiling of RNA Ttwscnpia and Oligoribonu^leotidea—WA 
transcripta and oligoribonuoleotldea were G'-end-labelad with ^ using 
(y-^ATP and T4 polynucleotide Idnaae (31). OUgoribonudaotidAa 
were 3'<end-labeled uaing P^cytldina biaphosphata and T4 RNA b* 
gaae. Labeled banacripta and oKgonnnleotidea were purified by eleeero 
phoresis on 129 denaturing p(ayBCiylaniide gel. 13ie apei^ activity of 
the 6'* and 3 '-labeled KtiAs were> reapectively* approitaiatety 6000 and 
2000 cpm/fmol. 

RNas£ H AsBoy Gorkit^MM— Hybridization reaetions were peifbrmad 
in a variety of reaction buffers (20 nui Tris or NaH^PO^ buffiv (pH 
6.0-10.0)^ O-IO mM MigCl^ 0-5 mMMnCIsp 20-120 mNmi 0-100 mM 
Naa, 0^ mn A^e^malaimide, M glycend) containiqg 100 nM anti- 
Sanaa oUgimudeotida, 60 nM aenae (digoriboDueieottde, and 50,000 Gpm 
(per lO-id reaedon volume) "F-labated aenae oiljgoribonadeDtide. fie- 
wtioni waca heated at 90 *C Ibr 2 mm. tfaeiL eooledy and KNaae inh^ 
itori bovine aeium albumin, and 2-marGqpCoathBnal (final wmrantr a- 
tSon: 1 UttUnOO A 10 ngflOO pi, and 6 mM. Taapaetlvely) wan added. 
Samplaa wera equOahnted at 37 ^ te at kaaf 4 h and then incubated 
with human RNaae HI. Samples were analyzed uamg the triohloroace* 
tie acid aasiy aa desc rib ed previoualy and potyacq^amide gel 
eladmphoieBiadg. 21). 

Ikteminadon tflnUial BaUa and Analysis afBHom H Ckavage 
5il0v— Vaiioua snbsfratea at difibmt eonoentrationa a0-500 nM BNA, 
20-000 nM antSaenae oUgenudeoCSde) WNB prapared aa described above 
in tha reaction bulEer (20 mM Tria-H(A ^ 7. 6), 1 mM Ugd^, 20 mM 
KClp B% glyoenli 1 unit/100-|J BNaae teUUtor, 10 nffaoo^/J bovine 
mum aUramin and 5 mM S-mareapcoalhanDD. Subatnitaa were ineu- 
bated with human BNaae HI or F.ooi/ RNase Hi and then quenched at 
^pacific times. Samidea were analyzed fa^y the tridderoacatic acid assay. 
TbB amount of snbatiate bydrolysed waamaaaured, and I2ke initial rate 
and Mlfhaelia^lanten paramatais (K^ were calculated (82). 
Substrate cancentratiaaB for trichkroaoatie add aaaaya were the oon- 
centoationa (nM) of intact di^plex in an incubation. The trichloroaoetlc 
neld assay oomparaa the amount of 5' "P-labeled oUgmuicleolide that 
pracipitBtes, thus directly measuring the fraction of duplaz that re> 
mains Intact, and by subtraction^ the fraction deaved to be tridiloro- 
aeettc add-eolnble. Control studies showed that txichloroacetic add 
predpitation was q[Uansitativc fior single strand oUgonu^eotidefl &12 
n u d e o tt dea in length. As the snbstrates were 5'-labalad| most cleavage 
products were trichloroacetic aeld^uble. For longer praducta, the 
triohloroaeetic add assay may underestinmte cleavage; however, poly- 
accylaxnide gel electiopharetie analysis eonfinned the cleavage rates 
observed in ths tridiloroacetic add aaaasrs (data not shown). Oonae- 
<Ittently, the emra introduced into the trichloniacBtic acid aaaay results 
by variations in precipitation of oUgxmndeotides of diflbrent langths 
must be small, RNase H generated cleavage prodocta were analyzed by 
a denaturing polyanylamzde geL A base hydxelysis ladder was pre- 
pared by incubation of 6'-end-lab8led RNA at 90 tbr 5 min in 100 mM 
NaCO« (pH 9«0X The positions of tha cleavage dtea were *^^ffr***m?d 
with oligonudeotida sise markers geaerated by BNases A andTl (33). 
The gels were then analysed and i|ttantified udng a Molecular Dynam^ 
ics Aosphorlmagar (21). 

DcUnrimatUffi af Binding AffmUy—^mi^Dg Affltitei— wece deter- 
mined by conyetitive inhihWon ana^yaas. At various ceneBntrationB 
(n > 6) langlngfrom 10 to 100 nMp the aubatratas, £.& oligodeo^ude* 
otide-oligoxlbonudfiotide hybrids, were prepared as described above. 
The competing substrate analog was pzepsired in reaction buflbr con- 
taining ac|uimolar conoentrationB of Che >niMi»fln^ sense antisense 
oUgonudeotidea. Following eqqilibratiea at 87 *0| Qie sids 
Btinte analog was Bdded to tiie wiU ^ substrate reactloi^ and the 
mJiSure waa meidiBted with human BNaae HI in the pcesenee of eness 
competing aubstratoi as described above. The samples were analyxed 
by Iriebbroafietic add assay and denaturing pelyaciylasiide gel anaV 
yeea. llese data were aaalyied by belli the I4neweaver-6uzk and 
Augustinsson methods to determine if the inhibitDrB were competitive 
and to aacectain the inhlbitoty tvmnfaiwtB (g^) ^ competing sub- 
atratas^ also aadasaibQdprevlou^ (21, 32, 84). 
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RESULTS 

Propertiee ofPuHped Human AMise Hi— The effects of var- 
ious reaction conditione on the activity of humaii RNase HI 
were evaluated (Fig. 1). The optimal pH for the enzyme in both 
Tris-HCl and phosphate bufTers was 7.0-8.0. At pH values 
above pH 8.0» enzyme activity was reduced. However, this 
could be due to instability of the substrate or eflbcte on the 
enqrme, or botii. To evaluate the potential contribution of 
changes in ionic strez^gth to the activitiaa observed at difTeroat 
pH values, two buffiars, NaH2p04 and TVis^HCI, were studied 
at pH 7.0 and gave the same enzyme activity even though the 
ionic strengths differed. Enzyme activity was inhibited by in* 
creashig ionie strength (Rg. IB) and iV^thyimalaimide (Fig. 
lO. Enzyme activity increased as the temperature was raised 
from 25 to 42 '*C (Kg. ID). Mg^*** stimulated ensyma activity 
with an optimal concentration of 1 mM. At higher con^ntra- 
tiona, Mg^^ was inhibitory (Fig. IB). In the presence of 1 mM 
Mg^*^, Mh'^ was inhibitory at all concentrations tested (Fig. 
If). The purified enzyme was quite stable and easily handled. 
In &ct| the ena^yme could be boiled and rapidly or slowly cooled 
without significant loss of activi^ (Fig. IZ)). 'Die initial ratas of 
cleavage were detemuned for four duplex suhstrates studied 
eimultaneouslty' initial rate of cleavage for a phosphodi- 
ester DNA-RNA diqilex was 1050 ± 203 pmol liter'^min'' 
(Table lA). The inilia! rate of cleavage of a phosphorothioate 
oligodeoxynudeotide duplex was approseimately 4-fold faster 
than that of &e same duplex comprised of a phosphodiester 
antisense oUgodeozynucleotide (Table lA), The imtisl rates for 
17'mer and 20-mer substrates of different sequences were 
equal (Table IB). Howover, when a 26-m^ heterodtvlex con- 
taining the 17<4nar sequence in the center nf the duplex was 
digested (RNA No. 8), the rate was 509^ Cuter, biterestmgly, 
the of the enzyme for the 2&-mer duplex Was 40% lower 
than that for the 17-mer, whereas the values for both 
duplexes were the same (see Table UD, suggesting that with 
the increase in lengthp a larger number of deavage sites are 
available, resulting in an increase in the number of productive 
binding interactionB between the enzyme and substrate. Aa a 
result, a lower substrate co n centration is require for the lon- 
ger duplex to achieve a cleavage rata equal to tfmt of the 
shorter duplex. 

To better characterize the substrate specifidty of human 
BNase HI, duplexes in which the antisense oligonucleotide was 
modified in die 2^ position were studied. As previous^ reported 
for £, coU RNase HI (16-21), human RNase HI was unable to 
cleave substrates with 2' modifications at the cleavc^e site of 
the antisense DNA strand or the sense RNA strand (Table H). 
For example, the initial rate of cleavaga of a duplex containing 
a phosphorotiiioate oUgodsaxynueleotide and its complement 
was 3400 pmol liter^^dn"*, whereas that of its 2'-prppo3iy- 
modified analog was undetectable (Table ID. A duplex com- 
prised of a AiUy modified 2'-methozy antisense strand also 
failed to support ai^ deavage (Table II). Hie plaeemant of 
2'-methogQr modifications around a central region of oligode- 
ozynndeotides reduced the initial rate (Table II). The smaller 
the central oUgodeoxynudeotide ^gap," the lower the initial 
rate. The smallest '^p-mer^ for whidi deavage could be mens* 
ured was a 5 deoicynudeotide gap. These data are highly con- 
sistent with obseivaUons we have previously reported for E. 
eoli RNase HI, except that for the bacterial enzyme, the min- 
imum gap si2e was 4 deoxynucleotides (18, 20^ 21). 

The and of human RNase Hi fbr three substrates 
are shown m Table IIL The £;,t valves fiir all three substrates 
were subatantially lower than those of cdt BNase HI (TaUe 
HI) (18, 19). As previously reported for E. coU RNase HI, the 
^ for a phosphorothioate-containing duplex was lower than 
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Ail^'^^^ cmdittoiui on htmu^iuie m aetivlty. S^Eod-laboted KNA awl aatuenM oUgttuideotidefl were piBaimealed and 
digested witti RNase HI u descnbed under Thipexixnental Ptocfldurea • The final aid»krate eoooentratlon waa 20 lOi RNA and 40 nM for 
umsanse obgonucIeotUfl. Ilid artiviiy woe meaflnred as efihar initial rate or peReni deavBge. A, pH dependence of BNaae H activity. The 
dgfltrate anpealed m^^^ 

^fL^^if^'^i.^iiP^^ acbjijy. C, eaect of ttie aoUhydryl^ilocking ageok, i^^lmaleimide, on BNane H aettvilgr. Tba subBtrato waa 
prapma m Bie same buffer aa abop wfthout /^meroaptoethanoL 2), tenperatore aanflitiTily and heat staMUty of the human SNaae HI. Enzyme 
^lf^^JS^'!^1S^S^A d^Bttenparatniaa. Alternative^, tha en^e was boOed fbr 5 min in buffer containing 50 mM lyia (pH 7.6), 
Slfc^J^f^ i'fJK^ ^ SS**^*^^ 2? ^"^^ ^ dMvn to loom temperatoTcM^^ rapidly nwS into 

J %5 ?T£5.^*Sr^,^^'^ H aettvUy. Ibe robstrote waa prepared in the same bufi^ as above wlfli a difleient concentration of Mg"* 



that of a phosphodieBter duplex. The of the faumm en- than tiie phoaphodteater doples. Thia is probably due to inhi- 
^me waa SMold lower than that of the coli wsyme. The bition of the enzyme at hj^ concantrationB by excaaa phoa- 
bs the phoaphorotbioate-coatainuig anbstaate waa leee phorothioate aiode strand oUfiomicleAtidR Utw Mfm\ th^ 
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Table I 

Effects efphcsphorothioaU subitUuHon and substrate Ungth on digsstion by human iU^oie HI ' 
OligoribonudeotuleB were prsaimealed with the complsmantaiy anikenae oli^odeoxynudeotide at 10 and 20 nM ami subiJeeted to di^ostioxi by 
human RNasa Hi. The 17*mer (RNA No. 1) and 26^ei (RNA No. 3) RNA aequeDnea ore derived Ihun fia-Ra» oncogen (61), and the 2&'mer RNA 
conulne the IT-mer eequence. The ZO-oier (BKA No. 2) setiaeaoe Ig deHved from human h^titis C vinu core inoteln eodb^ eequence (62). Il^e 
initial rates were determined as desczibBd under "Experimental Prooedurea." A, comparison of the initial rates of deavaffe of an RNA- 
pho^pbodleeter (P^O) and an RNA.pho8phon<hioate (P»S) dupleies. B, eomparison amaog duplexes of different eequeneofl and lensths* 



RNA No. 


RNA 


Ant] sense 


InitiB] rate 








pmol liiar" 


A 








1 
1 

B 


GQQO0CO00CGGUGUI8.6 


17-mflrP«0 
17«merF^S 


1050 s 203 
4034 ±266 


1 

2 
3 


GOOCGCCGUCGGUCSUOQ 

ACUCCAOCMmGUACACUCC 

UGGOGGGCGCOSUCGGUSVOOQCfUl 


174iiflrP»0 
20-nierPBO 
26-ffler P=0 


1060 s 203 
1016 ±284 
1502 ± 162 



Tabub XI 

Sffkets afi'-aubatUutian and dsonmp aise an digesticn rottt by 
human RNom Hi 

Substrate dnpleses wen faaFfaridiead, and initial niea were deter* 
mined ae flhownin TaUe 1 and deaeribed midar ''EipeiimaitBl Preee- 
dures * Tbe 17-mflr RNA U the eame used in Table 1, and the 2a4nflr 
UNA (U(30UQ<XSCAAUGGGCGUOUU, RNA No, 4) was derived fiom 
the protein kinase C C (63) eequence. The 17-mer and 20^mer P^S 
oUgonucleotidee were ML deosyphoaphorothioate^containing No. 2'' 
modifioations. The 9, 7, 6, 4, end 3 deoiy gap digomideotides wete 
17-niar oUgonudeotide with a ceotxal portion wwrfpting of nine, seven, 
and five, end fbor deosgnmdeotidee ilanbed on both sidee hy 2'-metho- 
eaomucleetidea (also see Fig. 2). Bdd&ee saqoenoee indicate the posi- 
tion of the 2'-oiethoKyl*CBOdified residues. Ibe italic sequencea indi- 
cates the poflitioa of the 2'-propaxy-aodiiiBd residuea. 



BNANo. 


m 


AntiMiiseDNA 


laibalHattt 








pmal UUr min"* 


1 


17.mer 


CCACACCGACOOOOCCC 


4034^26$ 




17-mer 


CCBCACCCVVCGGCOCCC 


1081 ± 163 




17-mer 


CCACACCGACGGCQCCC 


605 ± 31 




17-mer 


CGAiSabCCCaAOOGCOCCC 


830 ±66 




17-nier 




0 




17-D0r 


IrCnffj^CCSBiPPIEHTHGCC 


0 




17*awr 




0 


4* 


2(Nner 


AACRCGCCaiTTQCCCACCA 


3400 s 364 




20-ner 


AACACGCCCKimccaiCCA 


0 



Table m 

i&neeic eonsiants for RNw HI eleauage c/ AATA-ZWA daptma 
The RNA'DNA duplexes in Table I were uaod to detenoine and 
V;,^ of hiTman and & coC RNaae Hi as deaeribed under rBapertoental 
Ptooeduree.* 



SnlistraUs 



^S-mer Ras (RNA No. 3>-DNA (P=0)a6.4 
17-mer Bee (RNA No. D-DNA (P^^O) 66.1 
17-mer Ras (RNA No. 1)-DNA (P»S) IS.B 



Human RNticH &goItHNaaeHl 



1.907 
1.961 
14)77 



nk nmallUer-' 
mill"' 

385 38.8 



ioitial rate of cleavage ibr a phoephorothioate-contaiiiiiig du- 
plex was, in fkct, neater than the phoephodiester (Tabk t) 

Buiding Affinity and Speafkity—TQ evohiate the binding 
afSntty of human BNaao HI, a competitiye cleavage assay in 
which increasing concentrationfl of aondeavaUe eubatrates 
were added wa^ used (21). Using thia approadi, the is 
fxamsSfy eguivalBat to the ^ for the eompotmgauhBtratea. Of 
the nQudBavaUfi gubfltrates studied, LineweavariBuik anat^- 
oeg damoDstrated that all inhibitorB shown in TUbte IV were 
competitive (data not shown). A dnplaz containing a phosphodi- 
eater oGgndeosynucleotlde hybridised to a phosphodiaster 2'- 



Table IV 

Binding oonstanis and specificUy cfFNoas Kb 
values were dfltenmned as described iioder "Sxperittental Pkoce- 
dures."nie values ibr E, eoli RNasa Hi were derived tmn previouafy 
reported data (21). The competing subetrates (competitive inUbitotB) 
used in the Inndiqg study are divided into two categeiies.* single BtEand 
(S9) digonudeotidefl and oligonucleotide dupittes aU with the 17-mer 
sequence as in T^e 1 (RNA Na 1). Hie sfa^le strand oUgoaudeotidBs 
included ssRNA, ssDKA, bs fully modified 2'-flutfaoa7 pbosphodiester 
ohgonudeotide Ue 2'-metfaozy), and 00 full pfacnphoiottiloAte deod^Dli- 
gonudeotide (ssDNA, P-S). The duplex eubstrat^ inchide DNArSNA 
duplex, RNA-RNA duplex, DNA'Ail^ modified 2'4luoro or ioQy modi- 
fied 2'-metluuy oligonucleotide (DNAr2'-auotn or 2'-metha^)j BNA-2'- 
fluoro, or 2'-mefcho^ duplex. Dissodatjon constants are dolved ftom 
£3 slopes of Lineweaver-Burk and/or Augustiasfm analysis. Estimated 
esTon fior the dissociation constants are s 2'fbld. SpeetficiCiy ia 
by dividing <hel;^ibr a duplex by flieil[;^ibf an RWArBNAdigleg, 



BNaaem 



KeoHBSta^m 



DNA-2'*metha9 

RNA-2''meihoiy 

RNA-RNA 

RNA-2'-lhioro 

DNA-2'-(Inoro 

DNA'DNA 

ssRNA 

sapNA 

sa2'-methaiQr 

ssDNA, P*«S 





Spedfidty 




Opodfidty 


nit 
468 


6.8 


tug 
3400 


2.1 


409 


6.2 


3100 


1.9 


79 


1.0 


1600 


1.0 


76 


1.0 






99 


IJ 






3606 


46.7 


176,000 


110.0 


1400 


17,7 






1606 


19.6 


942,000 


688.8 


2304 


28.2 


113»000 
14,000 


73.6 


36 


0.6 


8.8 



meCfaoaqr oligonucleotide as the nondeaivable substrate is con- 
sidered most like DNA-RNA. Table tV shows the reettlts of 
these studies and compares them to previously reported results 
for the £L coli enzyme perfbnned under similar Conditions (20« 
21). Clearly^ the affinity of the human enzyme for its DNA- 
RNA like substrate (DNA-2'-mefho(iy) was substantiaUy 
greater fhan that of the Jl?. coli enzyme, consistent with the 
differences observed in JT^ (Table ID), 

E. eoU RNase HI displays approzimataiy equal a£Bni1y for 
RNA-RNA, RNA-2'-meth(ncy, and DNA-2'-methoa7 dupleaces 
(Table IV), Hie human en^rme displays similar Mniliwg prop- 
erties but is more able to discriniinate betwean various du- 
plexes. For eauunple, the for RNA-BNA was approximately 
B-fold lower than the for DNA-2'-methozy. This is fbrther 
demonslrated by the for the RNA-2'-fluoiro duplex. TheZj^ 
for the DNA-2'-fluoro duplex was slight^ greater fthan for tJie 
BNA52'-fluoro duplex and the RNA-BNA duplex but clear^ 
lower than for other duplexas, Ibus, Iboth enzymes ean be 
considered double strand RNA-binding proteins. However, hu- 
man RNase HI is some^diat less specific for duplexes as oom« 
pared with singb strand oligonucleotides than the E, eoli en- 
zyme. The enzyme bound to single strand SNA and DNA only 
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Fia.2. ZKansitlirillg polyacrylamlde gel fUia]yBi« of hiiDiAii 
BNase HI oletvage of IT-nw BNArDNA gBp-mer duplex. Aati- 
flense oUeo m i dentt dea were hybridifefid with S'^d<labelod bbdbo RNA 
BB de0^0d under ''ISiperimenbd FhmBduzea," then digested with 
BNaaa Hi fiir 90 and $0 mia at 37 "0. Abase ftydrdysiB BNA ladder 
was prepared as deBciibed under "ExpetlmAatal ftoceduK8.*T]is BNA 
ladder was sequenfied with RNosee Tl» CL8, endAl (data not ahown). 
For each subgteafie, the RNA seqneneee (S* S') are ahown obovtt the 
DNA flequcQoe. Bosasd sequences Indicate Uie position o( the 2'-aiethoi7. 
modified rariduea. The amm indicate the altes of the enzyme dim- 
tion, and tfaa dttof die orroiw lefleet thenlative deamge J 



A 

a 

c 

0 
E 



tfoon 




OTqgooaeqccjBcgqo 



qcip 



20-fold IsBB well than an KNA-RNA duplex, whereas the^- eoli 
enqrme bound to sin^e atrand DNA nearly 600-fbld less than 
to an RNArRNA duplex (Table IV). The a£5aity of a single 
fltrend phoaphorathioate oUgodeozy&ucleotide fi)r both en- 
qmea wbb flignificam relative to the alEoity for the oatoral 
euhstrate and accounts for tihe inhibition of the onfiymes by 
members of this class oligonucleotides. Remarkably, human 
BNase Hi diaplayed the highest afGniliy flar a single strand 
phoflphorothioate ol^deoaQmucIeotida. nms, this nondeav- 
able substrate is a veiy effectnro inhibitor of the enzyme, and 
excess phosphorothioate antisense drug in cells mi^t be 
highly inhibitozy. 

8Ue and Sequence Preferenoes for Cleavage— Fig. 2 ahowa the 
deavaga pattern for RNA duplexed with its phoaphoirottiioate 
digodao^udeotide and the pattern for several gap-mers. In 
the parent duplex, RNA cleavage occurred at a single miuor site 
with minor cleavage noted at several sitea 8' to this m^'or 
cleavage site that was 6 nndeotides from 6' tenninua of the 
BNA, Note that the preferred site oocumd at a 6U dinude- 
otide. Cleavage of several gap-mers oocanBdmora slowly^ and 
the major cleavage site was at a different position from tiiat of 
the parent dnplsx. Furthermore* in contrast to the observations 
we have made for £, adi RNase Hi (18), Uie m^'er deavage site 
ingap-mers treated with human RNase Hi did not occur at the 
nudeotide apposed to the nudaotida adjacent to the first 2'- 



Fig. d. Aaalyela of human RNase HI cleavage of a 25*mer Ras 
BNA hybridised with phosphodieatar ollffodeoxynueleotidea of 
dilfbrent iengtha. Antiseue oUgonodeotidcs with different lengths 
iktun 6- to 17-mer were hybridized with 6 '-end-labeled 26-niar sense 
Ka-Ras BNA aa deaoibed under "Espeiimental Ptocedurea * then di- 
gested with BNaae HI at37*Cii9ratBQieeouT8eof0,2i5,and lOmhi 
shown on the 0d Oeft to right) Ibr each anhatrate Ci to A. A S^ner 
RNA ladder was prepared and aeqoenced as deioibed the k^d for 
Fig. 2. For each aubatrate^ the RNA seqiteases (5' S '} are ahown in 
the figure, and autisense DNA eequenoea were ^««Trfltpd by flie mUd 
line below the RNA fleouence. The arroEoa incUcate the aifees of tte 
en^ynte digestion, and the size of arrows reflect the relative deavage 



niethoiQr nudeotide in the wing hybridized to the 8' portion of 
theENA. 

To fiirther evaluate the site and sequence specificitiea of 
human RNase HI, deavage of substrates shown in Figs. 8 and 
Pig. 4 was studied. In Fig. 3, the se({uence of the RNA is 
cUapIayed below the sequendng gels, and the length and posi- 
tion of the oomplementazy phosphodieater oligodeoocynucle- 
otide is indicated by the aolid line below the RNA sequence. 
This figure demoastrateB several important properties of the 
enzyme. F^rst, the main deavage dte wa5 consistently ob- 
served 8-9 nucleotides fium the 6'-RNA-3'-DNA tenninua of 
the duplex ixrespecthre of whether there were 6' or S'-RNA 
single strand overhangs. Second, the enzyme,, like B. coti 
^aae HI (20, 21), was capable «f deaving single strand re- 
gions of RNA adjacent to the 8' terminus of an RNA-DNA 
duplex. Thixi, the minimum duplex length that supported as^ 
cleavage was approximately 6 nueleotides. I^ase protection 
assays were used to confiim that under eonditione of the aasay, 
the shorter duplaxes were Adly hybzidised, so tha diflfrmiffffl 
observed were not due to the CaOure tn hvhridloA n^n 
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B 
C 
D 
E 
F 
O 

A^lyols of hnmcoi BNaae Hi cl^vage of BTCArDNA 
mpleiag wifli diflarent sequence^ leogth, and 8' or 6' ovor- 
naiigs. Antlseiuie ongonucleotidea of dtflisreiit sequences and l&ngtha 
wera fayfaiidiaed Witti thair opsiplameiitaxy B'^eDd-labelad RNA aa de- 
M^bed under •Experimental Procadurea" and then digested with 
RNase HI at 97 'C fiyr 0» 2, 5, or 10 nin aa abown on Iha gel OeA to 
ti^) for aadi substrate (A to O). Subaizate A (25-itter), B Qe«er), £ 
(IT^-mar), F (17.mer), G (47-mar) aequencea are fnm fha Hezv^lUS 
ODoogane (61), eobstrate C C20-mar) ia from hepatitia C vma (34), and 
mibstrate D (lO-mer) la from proteis Idnasa C f (23). The WA ladder 
waa prepared and seqaenfied aa described in the legend ior Fig, 2. For 
each substrate, the RNA sequeniaeB (6* -^S') are ahown in the figure, 
andantisanae DNA sequences were rapresantad by tha sofiii Zuie below 
tbe RNA saquenoB. The arrvuia indicate the m^or sites and relative 
intensltiaa of the en^ytne digestion. 



that the 6-nnclaotide duplax was fuUy hybridised, the reaetioos 
were carried out at a 50:1 DNA-BNA ratio (data not ahowa}. 
Fourth, tha figure shows that ibr duplexes smaller than the 
nina base paixB, the smaller the duplex, the slower the cleavage 
rate. Fifth, the preferred cleavage site was located at a GU 
dinudeotide, 

Tlie site and eequenae specificities are fiirther explored in 
Fig. 4. That the emsyme diflpIa;yB little eequence preferaice is 
demonetrated con^paring the rates and sites of deavage for 
duplexes A> C» and D. In all eases, the preferred site of deavage 
was 8-12 nudeotidea from the 6'-RNA-3'-DNA tenninus of the 
duplex irrespective of the sequence. Compaiison of the cleavage 
pattern for duplexes A and B shows that deavage occurred at 
the 8-12 nucleotide position even when there ware RNA over- 
hangs also as ahown in Fig, 8, deavage of duplex F demon- 
etrated that the site of deavage was retained even if thm were 
6^ and 3'*DNA overhangs. In a lox^ substrate, diqilax Q, the 
main site of cleavage was still 8-12 nudeotidea from fhe'terw 
minus of the diqdex. However, minor deavage sites wete ob- 
B^ved ttmnighout the UNA, siiggesting that Ois stdistrate 
might support binding of more than one enziyme mdecule/ 
eubstrate, but that the preferred site was near the 6^SNA-8'* 
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Fig. 5. Pkoduei and paocessMty anolyaia of human BNaae Hi 
demrago on tl-mar Baa BNApDHA diodezea. RNA was either 5'- 
end-labded (for reaction A) uaing (y-'^PlATP and T4 nucleotide Vi^^ 
or d'-end-labeled (for reactiona f and O using P^PJcjUdixia bisphoa- 
phata and T4 RNA ligase as described under "Bsparimentd Proce- 
dures." The 3'^d-labflled RNA was Aartber dephosphorylatad with calf 
Iniestine aUuline phosphatase {CIPe(0 (CIPfld: dephosphozylated with 
CIP). Hybridisat i o n reactions were prepaied oa described in Tig, 1- The 
dlgsfltion with RNase Hi was peifonnad at 87 *€ for 0, 2, 10, or 20 
min as shown on the gd deft to right) for each substrate CA to C). 
Reaetioos with S'^labded substrate were divided into equal aliquota, 
with 1 diquot subjected to further dephoqihorylation with CIP, "Hie *p- 
indicates the position of the labeL 5'- and 8'*end-labded duplexes 
treated with human RNase HI are shown in paneU A and B, reapec- 
tlvely. The a'-end-labebd hybrid and degradation products tieated with 
dP after disestioa with RNase HI aahibited slower migration on the 
potyaoylanade gd due to tha loas of Che S'-phosphata (n^etion O on 
the deavage products. However, as tba intact diqdea bad had its tar- 
mind phosphate removed by ^ previous CIP treatment ipatmi 0> its 
migration waa unchanged 

DNA terminus. Finally, optimal deavage seemed to occur when 
a GU dinudeotide was located 8-12 nudeotidea from the 5'- 
RNA-d'-DNA terminus of the duplex. 

To address both Ihe mechanism of deavage and processlvityp 
the deavage of 5'*hihded and d'-labded substrates was com- 
pared (Fig. 5). Lave C shows that CIP treatment before and 
after digestion with human RNase Hi resulted in a shift in the 
mobility of the d^ted fragments, suggesting that human 
RNase HI generates deavage products with S'-phosphates. 
Thus, it is similar to £. co{j RNase HI in this rogaid (20). A 
second intriguing observation is that the ^ditifrn of (^P]cyti- 
dine to the 3'-end of the RNA caused a shift in the position of 
the preferred deavage site (A versua BorC). The fear deavage 
sites in the center of the duplex observed with a B'^phosphate- 
labeled UNA were observed hi 8'-PP]eytldine-labeled sub- 
strates. However, the main deavBge site shifted from bass pair 
8 to base pair 12. Interestingly, the sequence at boUi sites was 
GU. Thus, it is conceivahle that the enzyme selects a position 
6-12 nudeotide from the 6'-RNA«8'-DNA tenuinue then 
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cleaves at a preferred dinudeotide radb as OU. Third, this 
figure oonaidered along with the cleavage patterns shown in 
KgB. B and 4 demonfltrates that thia enzyme displaya minimal 
proeeflflivity in either the 5' or S' direction. In no time-CQurse 
ezpenment using any euhstrate have we obaeTved a pattern 
that would be consiflteot with processivily. The possibility that 
the failure to observe processlvi^ in Figs. 3 and 4 was due to 
proceasivity in the 3' to 5' direction is ezchided by the results in 
Fig. 5. Again^ this is Skgnificantly different from observations 
we have previously reported for E. coli RNase HI (18). 

DISCUSSION 

(hneral Properiiea of Human RNas& Hi Activity-~hi this 
etudy, we have characterized the properties of human RNase 
Hi. As the protein studied is a His-tag lusion and was dena« 
tured and refolded, it is possible that tiie activity of the enzyme 
in its native state mi^t be greater than we have observed. 
However, basic properties reported in thia paper are certainly 
like^ to reflect the basic properties of the native enzyme. 
Numerous studies have shown Chat a Hia-tag does not interftre 
with protein folding and crystallisatson (35, 36), kinetic and 
catalytic properties (37, 36), or nucleic acid binding properties 
(39, 40),^ since it is very small (Haw amino acids), and its pK is 
near neutral. Aa shown in this and our previous (16) studies, 
this His-tag iosion protein did behave like other KNase H 
proteins (6, 7). It deaved spedfically the BNA strand in RNA- 
DNA diqilesresi resulted in cleavage products with S'-phoa- 
phata tetmix&i (Fig. 6), and was afEected by divalent cations 
(Fig. 1). Optimal conditions for human RNase Hi were similar 
bat not idantical to E, coU RNaae HI. For the human enzyme, 
the Mg^'*' optimum was 1 nus, and 5 mM M^* was inhibitory. 
In the presence of Mg^^, both en^es were inhiUtad by Mn^^. 
Tbs human en^me was inhibited by AT-ethylmaleiBude and 
was quite stable, easily handled, and did not form multiraeiic 
etmctures (Fig. 11 The ease of handling, denaturation, refold- 
ing, and stability m various conditions suggest that the human 
BNase Hi was a ctive as a monomer and has a relatively stable 
preferred conformation. 

Studies on tiie structure and enzymatic activities of a n\mi- 
ber of mutants of E. cali BNase HI have recently led to a 
hypothesis to eiplain Che efiects of divalent cations termed an 
aetivation/attenuatkm model (41). Tlie efiE^ets of divalent cat- 
ions on human RNase HI are complex and are consistent with 
the suggested actrvatioa/attenuation model The ^T ^ j y^ ft adds 
proposed to be involved in both cation binding sites are con« 
served in human RNase HI (16). 

^ Posidanal end Sequence Preferences and Prooe99wify-^Thi^ 
site and sequence specificity of human RNase HI differ sub- 
stantialty from & eoU RNase HI. Although neither en^rme 
displays signiflcant sequence specificity (Bef. 16 and Figs. 2-6), 
the human en^rme displays remarkable site specificity. Figs. 
2-4 show that human RNase HI prefbrentialty cleaved 8-12 
nucleotides 3' from the 5'-RNA-3'-DNA terminus of a DNA- 
RNA duplex irrespective of whether there were 5' or 3'*RNA or 
DNA overhsngB. T)ie process by which a position is selected 
and tiien within that position on the duplex a particular dinu- 
deotide is cleaved preferentially must be relativaly complex 
and i n fl u CT iflaj by sequence. Clearly, ttie dinudeotide, GU, is a 
prefored sequance. In Fig, 3, for example^ all the duplexes 
eontained a QU sequence near the optimal position fbr the 
en^me, and in all cases, the preferential deavage site was GU. 
Additionally, in duplexes A and B a second GU was also 
deaved, albeit at a veiy slow rate, The third site in doplexes A 
and B cleaved was a GG dinudeotide 7 base paxra from the 
3'-BNA-6'*DNA tenoinns. Urns, the data suggest that the 
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eneyme displiyrs strong positional preference and, within the 
appropriate site, sUght preference fbr GU dinudeotides. 

The strong positional preference eodiibited by human RNase 
HI suggests that the enzyme fixes its position on the duplex via 
the 6'-RNA«3'«DNA terminus. Interestingly, the in vitro deav- 
age pattern observed for the eni^yme is compatible with its 
proposed in vivo rde, namely, the removal of RNA primers 
durizig DNA replication of the lagging strand. Hie average 
length of the RNA primer ranges from 7 to 14 nudeotides (42). 
Consequently, synthesis of the lagging strand results in chi- 
meric sequences consistmg of 7-14 ribonudeotides at the 5' 
terminus with contiguous stretches of DNA extending in the 3' 
directum. The positional preference observed fbr human RNase 
Hi (».e. 8-<12 residues from the 5' terminus of the RNA) would 
suggest that cleavage of the chimeric lagging strand by RNase 
HI would occur at or near the RNA-DNA junction. The removal 
of reoidual ribonucleotides following RNase H digestion has 
been shown to be performed by the endonudease FENl (43). 

Fig. 4 provides additional insist into the positional and 
sequence preferences of the enqm. Whra there was a GU 
dinudeotide present in the correct position in the duplex, it was 
cleaved preferentially. When a GU dinudeotide was absent, 
AU was deaved as well as other dinudeotides. For diq>]ex G, 
both a GU and a CKi dinudeotide were present wittiin Oie 
preferred site, and in this case the GG dinudeotide was deaved 
subtly more extensivety then the GU dinudeotide. tilearly, 
additional duplexes of difGsrent sequences must be studied 
befere definitive eondusions conceming the roles of various 
sequences within the preferred cleavage sites can be drawn. 

In Fig. 5, the 3' terminus of the RNA was labeled with 
p^cytidine. In this ease the same four nudeotides were 
deavedas when the RNA was 6^1abded(Fig. 5,pansfsB and 
C). However, the GU closer to the 3' terminus of As RNA was 
deaved at least as rapidly as the 5'-GU. Interestingly in stud- 
ies on the partialty purified enzyme, difierences in the deavage 
pattern were also obsnved when 5'-Iabeled substrutes were 
compared with 3'-labeled substrates (6). At present, we have no 
explanation for this observation, but one possibility is that the 
presence of a 3'-phQsphate on an oligonudeotide substrate 
aflbcts tte scanning mechanism the en^^e uses to select 
preferred positions for deavage. 

In a duplex comprised of RNA annealed to a chimeric oligo- 
nudeotide with an oUgodeo:qmudratide center flanked by 2'- 
modified nudeotide wings, the deavage by human RNase Hi 
was directed to (he DNA-RNA portion of the doplexp as was 
observed fbr E. coli BNase HI (13, 20). However, within this 
region, the prefSdrred sites of cleavage for the human enzyme 
differed from E. coli RNase HI. E, coU RNase Hi preferentially 
deaved at (he ribonucleotide apposed to first 2''modified nu* 
deotide in the wing of antisense oligonudeotide at tiie 3'-end of 
the RNA (18). In contrast^ the human enzyme preferentially 
cleaved at sites more centered within the gap until the gap was 
reduced to 5 nudeotides. Furthermore, the minimum gap size 
fbr the human ensyme was 6 nudeotides, whereas that of E, 
coU RNase HI was 4 nucleotidea (18). These differences in 
behavior suggest differences ia the structures of the enzymes 
and their interactions with substrate that will require addi- 
tional stucty' 

We have reported that althou^ B, coli RNasa Hi degrades 
the heteroduplex substrate in a predominancy distributive 
manner, the enQfme di^Iaya modest 6'-d' processivity. In con* 
trast, human RNase Hi evidences no 6'-8' or 3'-S' piocessivity, 
Buggeating that the human en2iyme hydrolyzas the substrate in 
an exdusively distributive manner. The lack of processivity 
observed with the human RNase HI may be a fbnction of the 
significantly (jghter Undiiir afiBnltv (Table IV). therehv mdnn. 
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ing the ability of the ao^yme to move on tha substrate. Alter- 
nathre]y» human RNase Hi appears to fix ita position on the 
eubfltrate with reapect to the 5'-RNAf3'«DNA terminus, and 
thia atnmg poaitional preference may prechide deava^re of the 
substrate in a processive manner (Fig, 5), Thus» despite the 
facta that the enzymes are both mefcal-dapendent endonude- 
ases that reault in deavage prodoctd with S'-phoaphatea (Fig. 
6) and both can deave sin^e strand d'-RNA overhangs (Fig. 6 
and Ref. 20), these enzymes diflplaj substantial differences, 

E. call RNasa Rl has been suggested to exhibit '^ding 
directiouality" with respect to the RNA of the eubstrate sudx 
that tha primary htndmg region of the enzyme is positioned 
several nudeotides 6' to the catalytic center (13). This results 
in deavage sitee being restricted from the S'-RNA-d^DNA end 
of a duplex and cleavage sites occurring at the 8'-RNA«g'-DNA 
end of the duplex and in 3' single strand overhangs. The hu- 
man ens^rme behaves entirely analogously. Thus^ we condude 
that human RNase HI likely has the same binding direction* 
ality as the £ coli ensyme. 

Substrate Binding--WA4Xtik duplexes hove been shown to 
adopt an A4bim conformation (44, 45). Many 2' modifications 
shift the sugar conformation into a 9'-ando pudier charaeter- 
istic of RNA (9, 46-48). Conaequeatiy, when hybridized to 
RNA, the tesulthig duplex is A fbrm> and this is mi^n^rMij^ii in 
a more stable duptes. 2'«fiuoio digunudeotides display duplex- 
fanning properties most like RKAp whereas 2'-methoxy oligo- 
nvdeotideB result in duplex intennediate inlbnnation between 
DNA-RNA and RNA-RNA duplexes (20). 

Tha results shown in Table IV demonstrate that like the Jg. 
coli eo^e, human RNaae Hi is adouhle strand RNA-binding 
protein. Uoreovw, it diaplays some ability to discriminate be- 
tween various Arlbrm duplexes (lUUe JV). Tbe observation 
that the ^ 6r an RNA-2'-F duplex is ei^ual to that for an 
RMA-RNA diiplex suggests that 2'*hydraxy groxip is not re- 
quired fin- binding to the eaxym^ Neverthelessj we cannot 
exdude tha poesihUity that bulkier 2' modifications, e.g. 2'- 
methoxy or 2^propyl, might sterical^ inhibit the binding of the 
en^me as well as alter the A^ttirm quality uf the duplex. The 
hianan enzyme displays substantially greater afiinity for all 
oligonudeotides than the E, coli enzyme^ and this is reflected in 
a lower Kg^ for deavable substrates (Tables III and IV), In 
addition, the tighter binding afiOni^ observed for human 

BNase HI may be responsible fiir the 80-fold kwer V when 

compared with the £ eo(ftaiuyme.&i this case, assuming that 
the E, caii and human enzymes e^iibit similar catalytic rates 
(Kctit)^ then an increase in the binding afBni^ would result in a 
lower turnover rate and ultimately a lower V^^^. 

The prindpal substrate binding site in E. coli RNase HI is 
thought to be a duster of lysines that ai« believed to Und to the 
phosphates of the substrates (13). The interaction of tiie bind- 
ing sniikce of the enzyme and substrate is believed to occur 
within the minor groove. Hue region is high^ conserved in the 
human enzyme (16). In addition, eukaryotie enzymes contain 
an extra N^tominal region of variable length wmfan'*>*n g an 
abundance of basic amino adds (16, 17). Ihis region is homoU 
Qgous witii a double strand RNA binding motif and indeed in 
the Saccharomycea eerevisiae RNase H has been shown to bind 
to double strand RNA (17, 48). The N-texminal extension in 
human RNase HI is longer than ttiat in the & eerevtBiae 
enqrme and appears to correspond to a more complete double 
strand RNA binding motif. Oonsequentb^, the enhanced bind- 
ing of human RNase H 1 to various nudeic adds may be due to 
the presence of this additional Undiog site. 

Biological Rolea and Implicaiiono for Antiaetm Drug De- 
9ign'-4kB discussed previously, the positional prB&rences of 
human RNase HI argue that Oe proposal that it may be 



involved in DNA replication may be correct (42). However, the 
tack of processivity would suggest that the em^e is subqptt- 
mally designed for this task, but considering the involvement of 
FBNl in DNA replication, proceaaive cleavage of the RNA by 
RNa^e H may be unnecessary. Clearly, more work is required 
before any condusions can be drawn. 

Although RNase H enzymes have been suggested to be in- 
volved in the effects of DNA-hke antlsense drug^ to date no 
studies have directiy demonstrated this nor determined which 
isotypes may be involved. We now have the tools to begin to 
answer these questions. If human RNase HI is involved, our 
studies suggest that excess single strand phosphorothioate ol- 
igonudeotides in cells would be highly inhibitory^ resulting in 
loss of effectiveness at higher concentrations. Furthermore, the 
binding preference human RNase HI displqys for A«fisrm du- 
plexea suggests that binding of the enzyme would be oahanced 
by appropriate 2' modifications. However,^ deavage rates are 
lower in chimeric duplejces, so the design of optimal 2'4nodified 
gap-mere may be challenging. 

Clearly, if the positional and aequenoe preferences observed 
for oBgonudeotide stdvatrates were for RNA spedes bound to 
DNA-Uke antisense drugs* the implications would be substan* 
tial» For example, the placement of DNA gaps centered around 
a GU dinudeotide would be of value. Furthermore, since the 
positional preference of the enzyme was evident even when 
there were 5'- and 8'*RNA overhngs, podtioning DNA gaps 
8-12 nudeotides torn tiie 6'-BNA^'*DNA terminiiB of the 
duplex and creating a GU within that area could be benefidaL 
Also, locating antisense drugs at the 5'-end of an RNA should 
be of vahie. However, it is dear that many DNA'like antisense 
drugs bind to RNA spedes at sites dista] Irom (he 5' terminus 
of the RNA and atill result in loss of RNA, preaumably via 
RNase H-mediated deavage (50). Thus, mudi more work is 
required befbre condusions can be drawn and the information 
can be used to design better antisense drqgs. 
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L INTRODUCTION 

Antisense oligonucleotides are short synthetic oligonucleo- 
tides, usually betwemi 15 and 25 bases in length designed to 
hybridize to RNA through Watson-Crick base pairing (Fig. 
1). Upon binding to the target RNA, the oligonucleotide pre- 
vents expression of the encoded protein product in a sequence- 
specific manner. As the rules for Watson-Crick base pairing 
are well charactmzed (1), antisense oligonucleotides repre- 
sent» in principal, a simple mediod for i:ationally designing 
drugs. In practice, exploitation'of ^'tiseh oligoniicleptide^ 
for therapies has presented a unique sfet of challengesV some 
anticipate aiid others unanticipated? Nevertheless, antisense 
oligonucleotides are 'showing promise as tiieirapeutic agents 
broadly applicable for the treatment of hum^ diseases. -Cur- 
rentiy, there is ^1^' approved antiseiise product in the market 
and at least 20 agents ciutentiy' in clinical trials, several of 
wlii(^.are iid advanced stages of developmetit (Table 1). In 
this chapter, we summarize the properties of antisense oligo- 
nucleotides in terms of tiieir application as therapeutic agents. 
As expected, there is significantiy more information regarding 
first-gen^tion phosphorothioate oligodeoxynucleotides; this 
serves as a good benchmark for comparison with some of the 
newer modified oligonucleotides. One antisense mechanism 
that we do not discuss in this chapter are ribozymes, as they 
are covered elsewhere in this volume. 



11. ANTISENSE MECHANISM OF ACTION 

Antisense oligonucleotides are small syntiietic oligonucleo- 
tides that are designed to bind to noRNA tiu:ough Wat- 
son-Crick hybridization. Upon bindmg to the RNA, tiie oligo- 



nucleotide may inhibit expression of the encoded gene product 
through either inducing cleavage of the RNA by RNases such 
as RNase H or by occupancy of critical regulatory sites on 
the RNA (Fig. 2). Several studies have documented that phos- 
phorothioate oligodeoxynucleotides promote cleavage of the 
targeted RNA by a mechanism consistent with RNase H cleav- 
age (2-6). RNase H is a ubiquitously expressed enzyme that 
cleaves the RNA strand of an RNA-DNA heteroduplcx (6,7). 
If the antisense oligonucleotide use DNA chemistry, it will 
direct RNase H to specifically cleave the target RNA upon 
binding. 

Another RNase-dependent antisense mechanism that has 
recently received much attention is interference RNA or RNAi 
(8-13). Introduction of long double-stranded RNA (dsRNA) 
into eukaryotic cells leads to the sequence-specific degrada- 
tion of homologous gene transcripts. The long dsRNA mole- 
cules are metabolized to small 21 to 23 nucleotide interfering 
RNAs (siRNAs) by die action of an endogenous ribonuclease, 
Dicer (14-16). The siRNA molecules bind to a protein com- 
plex, termed RNA-induced silencing complex (RISC!), which 
contains a helicase activity that imwinds the 2 strands of RNA 
molecules, allowing the antisense strand to bind to die targeted 
RNA molecule (12,17). Hie RISC is also believed to contain 
an endonuclease activity, which hydrolyzes the target RNA 
at the site where the antisense strand is bound. It is unknown 
whetiier the antisense RNA molecule is also hydrolyzed or 
recycles and binds to anodier RNA molecule. Therefore, RNA 
interference is an antisense mechanism of action, as ultimately 
a single- strand RNA molecule binds to tiie target RNA mole- 
cule by Watson-Crick base pairing rules and recruits a ribo- 
nuclease tiiat degrades die target RNA. 
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Elgare 1 Phosphoiothioate antisense oligodeoxynucleotide targeting an RNA receptor. Watson-Crick base pairing rules are indicated: 
nucleobase adenodne hydrogen bonds to nucleobase uracil, nucleobase cytosine hydrogen bonds to nudeobase guanine. 



In mammalian cells, long double-stranded RNA mole- 
cules were found to promote a global change in gate expres- 
sion, obscuring any gene-specific silencing (18,19). This 
reduction in global gene expression is believed to be me- 
diated in part, through activation of double-stranded RNA- 
activated protein kinase (PKR), which phosphorylates and 
inactivates the translation factor eIF2a (20). Recently, it 
has been shown that transfection of synthetic 21-nucleoride 
siRNA duplexes into mammalian cells does not elicit the 
PKR response, allowing effective inhibition of endogenous 
genes in a sequence-specific manner (21,22). These siRNAs 
are too short to trigger the nonspecific dsRNA responses, 
but they still promote degradation of complementary RNA 
sequences (21-23). We have directly compared the activity 
of optimized oligonucleotides that work by RNase H meciia- 
nism with those that woric by an RNAi mechanism in human 
cells (24). The potency, maximal efficacy, duration of action, 
selectivity and efficiency for identification of leads was 
similar for both mechanisms in cell-based assays. The one 
noted difference between the 2 mechanisms, is that RNase 
H oligonucleotides are able to cleave pre-mRNA in the 
nucleus, whereas siRNA oligonucleotides appear to only be 
able to interact witfi mature mRNA in the cytoplasm. These 
results suggest that both mechanisms are equally valid for 
inhibition of gene expression in mammalian cells. 

Tlierc are other RNascs present in cells that may be ex- 
ploited in a mann» similar to RNase H or the dsRNase associ- 



ated with RNAi. As an example, Wu et al., reported that 
single-straiKled, pbosphorothioate-modified oligoribonucleo- 
tides can [womote selective loss of ha-ras mRNA in human 
cells (25). The RNA oligonucleotides could be partially modi- 
fied with 2'-0-methyl nucleosides and still stq>pQrt enzyme 
activity. The enzyme activity is consistent with a RNase in 
type enzyme, RNase III activity is present in both cytosolic 
and nuclear extracts (25). It is unclear if this enzyme activity 
is the same RNase ni used for siRNA oligonucleotides. Recent 
work has demonstrated that single-stranded RNA oligonucle- 
otides can interact with the RISC and promote selective degra- 
dation of targeted RNA, consistent with RNAi activity, albeit 
not as efficiently as double-stranded RNA (26,27). Another 
RNase enzyme that has been exploited for antisense a{^lica- 
tions is RNase L (28). RNase L is ribonuclease activated by 2'- 
5'-Iinked oligoadenylates generated in response to interferon 
activation. Selectively, linkage of 2'-5' oligoadenylate to an 
antisense oligonucleotide has been reported to promote selec- 
tive cleavage of the targeted mRNA (28-30). 

It should be noted that not all oligonucleotide designed 
to hybridize to a target RNA effectively inhibit target gene 
expression (2,31-33). This is believed to be due to inaccessi- 
bility of some regions of the RNA to the oligonucleotide due 
to secondary or tertiary structure or to protein interactions 
with the RNA. At this time, there are no good predictive algo- 
rithms for predicting antisense oligonucleotide-binding sites 
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figure 2 Andsense mechanisms of action. Cartoon depicting 3 different mechanisms by which an antisense oligonucleotide can inhibit 
expression of a targeted gene product by hybridizatioa to ftie mRNA, or pre-mRNA which codes for the gene product. 



on a target RNA. In our experience, we have found active 
oligonucleotides that woxk through an RNase H-dependent 
mechanism can hybridize to any region on the mRNA or pre> 
mRNA. Thus, some serendipity is still involved in the process 
of identifying and optimizing potent and effective antisense 
inhibitors. 

Early on it was believed that occupancy of the RNA 
(the receptor for the antisense oligonucleotide) by the oligo- 
nucleotide would be sufficient to block translation of the 
RNA (i.e., translation arrest) (34). Subsequent studies have 
documented that oligonucleotides are not efficient at block- 
ing translation of mRNA if diey bind 3' to the AUG transla- 
tion initiation codon. Furth^more, we have found that only 
certain sites in the 5'-untranslated region of a mRNA are 
effective target sites for an antisense oligonucleotide. In 
particular, the 5'-terminus of a transcript appears to be a 
good target site for oligonucleotides for some molecular 



targets in that occupancy of this region prevents assembly 
of die ribosome on the RNA (35). It should be noted that 
occupancy of the receptor (RNA) and steric blocking of 
factor binding by high-affinity oligonucleotides can be an 
efficient mechanism for blocking gene expression. For the 
example cited above, the steric blocking oligonucleotide 
was approximately 10-foId more potent tfian an oligonucleo- 
tide that supports RNase H activity. These results suggest 
tiiat catalytic turnover of the target RNA is not the rate- 
limiting step for antisense oligonucleotides. 

Another process that noncataly tic oligonucleotides can use 
to alter gene expression is through regulating RNA processing. 
Most mammalian RNAs undergo multiple post- or cotrans- 
criptional processing steps, including addition of a 5'-cap 
stmcture, splicing, and polyadenylation. Because single- 
stranded antisense oligonucleotides localize to the cell nucleus 
(36-39), they have the potential of regulating these processes. 
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Several studies have been published documenting that and- 
sense oligonucleotides can be used to regulate RNA splicing 
in both cell-based assays and in rodent tissues (40-47). Oligo- 
nucleotides can be used to modulate alternative splicing by 
promoting use of cryptic splice sites as was exe<hplified for 
p thalassemia (40,41), or by enhancing use of an alternative 
splice site. Oligonucleotide binding to the pie-fnRNA canjalso 
'exploited to mask polyadenylatibn sig on the pre- 
mRNA, forcing the cell to use alternative poly A sites (48). 
Finally, oligonucleotides, in principle, can regulate RNA func- 
tion by sterically preventing factors from binding or changing 
the structure of the RNA such that it is no longer recognized 
by Che factor. Thus, there are multiple mechanisms by which 
oligonucleotides can be use to inhibit or modulate expression 
of a target gene product. No single mechanism is far superior 
to other mechanisms, thus one should tailor the mechanism 
..for the specific biological application. 
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Figure 3 Positions that have been chemically modified for anti- 
sense oligonucleotides. 



III. ANTISENSE OLIGONUCLEOTIDE 
CHEMISTRY 

The most advanced oligonucleotide chemistry used for anti- 
sense drugs is phosphorothioate oligodeoxynucleotides. These 
differ from natural DNA in tiiat 1 of the nonbridging oxygen 
atoms in phosphodiester linkage is substituted with sulfur (Fig. 
1). Phosphorothioate oligodeoxynucleotides are commercially 
available, easily syntiiesized, support RNase H activity, ex- 
hibit acceptable pharmacokinetics for systemic and local de- 
livery, and have not exhibited major toxicities diat would pre- 
vent their use in humans. There have been significant 
resources employed to identify chemical modifications that 
further improve upon die properties of phosphorotidoate oli- 
godeoxynucleotides. The primary objectives of the effort are 
similar to medicinal chemistry efforts for other types of phar- 
macological agents (i.e., to increase potency, improve pharma- 
cokinetics, and decrease toxicity). 

A dimer of an oligonucleotide depicting subunits that may 
t>e modified to enhance oligonucleotide drug properties is de- 
picted in Fig. 3. In naturally occurring nucleic acids, these 
subunits are composed of heterocycles, carbohydrate sugars, 
and phosphodiester-based linkages between the sugars. The 
combination of the carbohydrate sugar (ribose in RNA, 2'- 
deoxyribose in DNA) and the linkage provides the backbone 
of the oligonucleotide polymer. Many modifications have 
been made on tiie'individual base, sugar, and linkage subunits, 
and the sugar-phosphate backbone has been completely re- 
placed with an appropriate substitute. In Addition, many di- 
verse moieties have been conjugated to various positions in 
the subunits, mainly in an attempt to alter the biophysical 
properties of die polymer. Finally, prodrug modifications may 
be employed to enhance drug properties. Most of the positions 
available in a nucleoside dimer (approximately 25 positions 
for each dimer diat do not directiy intwferc witii Wat- 
son-Crick base pair-hydrogen bonding) have been modified 



and studied for their effects on die properties of die resulting 
oligonucleotides. 

The nucleobases or heterocycles of nucleic acids provide 
the recognition points for the Watson-Crick base pairing rules 
and any oligonucleotide modification must maintain these 
specific hydrogen-bonding interactions. Thus, the scope of 
heterocyclic modifications is somewhat limited. The relevant 
heterocyclic modifications can be grouped into 2 structural 
classes: (1) those that enhance base stacking, and (2) those 
that provide additional hydrogen bonding. The primary objec- 
tive of heterocyclic modifications being to enhance hybridiza- 
tion, resulting in increased affinity (Fig. 4). Modifications that 
enhance base stacking by expanding the ir-electron cloud are 
represented by lipq)hilic modifications in die 5-position of 
pyrimidines, such as propynes, hexynes, azoles, and a sinq>le 
methyl group (49-52) and the 7 position of 7-deaza-purines 
position, including iodo, propynyl, and cyano groups (53-55). 
Investigators have continued to build out of the 5-position of 
cy tosine by going fiT>m the propynes to 5-membered heterocy- 
cles to tricyclic fused systems emanating from the 4 and 5- 
positions of (Fig. 4) (56-59). A second type of heterocycle 
modification is represented by the 2-aminoadenine (Fig. 4), 
where die additional amino group provides anodier hydrogen 
bond in the A-T base pair, analogous to the 3 hydrogen bonds 
in a G-C base pair. Heterocycle modifications providing a 
combination of effects are represented by 2-amino-7-deaza- 
7-modified A (55) and the G-clamp, a tricyclic cytosine analog 
having hydrogen-bonding ce^abilities in the major groove of 
heteroduplexes (58) (Fig. 4). Furthermore, N2-modified 2- 
amino purine oligonucleotides have exhibited interesting 
binding properties (60,61). All tiiese modification are posi- 
tioned to lie in the major or minor groove of the heteroduplex, 
do not affect sugar conformation of the heteroduplex, and 
provide litde nuclease resistances, but will generally support 
an RNase H cleavage mechanism. 
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Modifications in die ribofuranosyl moiety have provided 
the most value in the quest to enhance oligonucleotide drug 
properties (Rg. 5). In particular, certain 2'-0- itiodifications 
have greatly increased binding affinity and nuclease resis- 
tance, altered phaimacoidnetics, and are potentially less toxic 
(62). Preorganization of the sugar into a Z'-endo pucker con- 
formation is responsible for the increased binding affinity 
(63-65). The 2'-0-raethoxyethoxy (MOE) and 2'-a.inethyl 
modifications (Fig. S) are the most advanced of the 2'-raodi- 
fied series, and have entered clinical trials. The cationic 2'- 



0-aminopropyl (66) and 2'-0-(dimethylaminooxyethyl) 
(67,68) have shovm favorable binding affinity, with dramati- 
cally improved nuclease resistance. In an attempt to extend 
on die increased nuclease resistance of these cadonic modifi- 
cadons to the high affinity seen with MOE, a dimethylaminoe- 
thyl version (DMAEOE) was prepared This modification dis-- 
plays hybridization properdes equal to or superior to those 
of MOE, and nuclease resistance equal to that of die 2^-0- 
aminopropyl modification. The modification showing the 
largest known improvement in binding affinity is a bicyclic 
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system having the 4'>carbon tethered to the 2'-hy dioxyl group. 
As tfiis modification "locks'* the conformation of the ribose 
sugar into an RNA-like (S'-endo) conformation, it is referred 
to as locked nucleic acid (LNA) (69,70), LNA shows dramati- 
cally improved hybridization properties with regard to a refer- 
ence DNA:RNA duplex, and has extremely high nuclease re- 
sistance. Although extremely promising from early 
biophysical and in vitro data, whether these properties will 
translate into improved efficacy in vivo remains to be seen. 

It is now well known that uniformly 2'-0-modificd oligo- 
nucleotides do not support an RNase H mechanism (71). The 
heteroduplex formed has been shown to present a structural 
conformation that is recognized by the enzyme, but cleavage 
is not supported (72-74). Thus, uniformly modified, 
**RNA~like" oligonucleotides (3'-endo sugar conformation) 
will be unable to effect cleavage of the target mRNA, and 
must therefore exert their effects via other means;=This -has 
ledto the .devefopment of a chimeric strategy (3,71,75-77), 
which focuses on the design of high-affinity, nuclease-resis- 
tant antisense oligonucleotides that contain a **gap" of (Jcfnti|- 
uous phosphoiothioate- nlodifled oligodeoxynucleotides (Fig. 
6). On hybridization to target RNA, a heteroduplex is pre- 
sented that supports an RNase H-mediated cleavage of the 
RNA strand via interaction with the 2'-deoxy gap region. The 
stretch of the modified oligonucleotide-RNA heteroduplex. 



which is recognized by RNase H may be placed anywhere 
within the modified oligonucleotide. The modifications in the 
flanking regions of the gap should not only provide nuclease 
resistance to exo- and endonucleases, but also not con^romise 
binding affinity and base pair specificity. There are several 
types of structures that have been successfully developed (Fig. 
6), with the most advance being **g^mttrs/* having a 7- to 
10-base oligodeoxy nucleotide gap flanked by 2 regions of 2'- 
modified nucleosides. These oligomers, in particular, 2'-m6e 
modified, show reduced toxicity, increase^ and supe- 

ripr phann£ux)tdneiics to tiiie pareiit unmodified 20- 

mdr phosphb^ oligodeoxynucleotide (77-81). 

iSeverail possible riiechanisms exist for uniformly modified, 
non-RNase H activating oligonucleotides to show efficacy, 
such as prevention of assembly of the ribosome through bind- 
ing m the S'-UTR, "translation arrest,** or ribosome stalling 
by blocking the reading of the mRNA ribosome, and modula- 
tion of splicing events by binding to splice junctions. Although 
all these strategies have been pursued, no uniformly modified 
oligonucleotides have advanced beyond gapmer oligonucleo- 
tides. However, much recent progress has been made with 
non-RNase H active oligonucleotides, and there remains much 
potential for these modifications. LNA and MOE have been 
used in a uniform context in addition to the gapmer strategy, 
and early studies show pronuse. Anoth^ interesting uniform 
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modification is the phosphoramidiate modification, which 
snbstitutes an amino group for the 3' oxygen atom of the 
deoxyribosc sugar of DNA. This results in a preference for 
the RNA-like (3' endo) sugar conformation, and results in 
increased affinity as is seen with the T-0-aXky\ modifications 
(82,83). 

One of the most intriguing backbone oligonucleotide modi- 
fications is peptide nucleic acid (PNA). PNA is unique in that 
the sugar-phosphate backbone is completely replaced with a 
pcptide-based backbone (Fig. 5) (84). This results in a polymer 
with a neutral backbone that has high affinity for complimen- 
tary nucldc adds. PNA has been extensivdy investigated as 
an antisense agent, but these efforts have generally been fins- 
ttated by the poor cellular penetration and m vivo pharmacoki- 
netic properties of PNA (85). Recently, a 4-lysine pe^de 
conjugated to a PNA was found to provide robust in vivo 
activity when targeted to a splice junction (47). These data 
are highly encouraging because they may provide a path to 
realizing the promise of PNA as an antisense therapeutic 
ageat 

Tlie most advanced uniform modification is the **mor- 
pholino" modification (Fig, 5), which is currently in phase 
n clinical trials for restenosis, cancer, and polycystic kidney 
disease. The moiphohno modification simultaneously re- 
places the ribofuranosyl sugar with a morpholine ring, and 
the negatively charged phosphate esto* with a neutral phos- 
phorodiamidate linkage (86,87). Morpholinos are geneiaUy 
med around the translation initiation start codon, and arc 
believed to function via translation anest A moipholino 
oligonucleotide has shown in vivo activity (88), as well as 
oral bioavailability in rats (89), which would be a major 
advance if studies proved general and translated to larg^ 
manunalian species. 

In addition to het^ycle, backbone, and sugar modifica- 
tion discussed above, various pendant groups have been 



attached to oligonucleotides, such as cholest^l, folic acid, 
fatty acids, etc., to alter phannacokinetic properties (90,91). 
The reader is referred to several recent reviews diat discuss 
the chemistiy of oligonucleotides in more detail (92-95). 
It should be noted diat diere is no smgle modification that 
covers all the desired properties for a modified oligonucleo- 
tide. Modifications have been identified that increase hybrid- 
ization affinity of the oligonucleotide for its target RNA, 
increase nuclease resistance, decrease toxicity, and alter the 
pharmacokinetics (Table 2). FUrthermoi^, tiie ideal oligonu- 
cleotide will dififa- for different applications. Therefore, it 
is important to be able to mix and match the various 
modifications to .obtain the optimal oligonucleotide for the 
task at hand. 



Table 2 Attributes of Various Modified Oligonucleotides 



Attribute 


Examples 


Increased affinity 


2'-0-mcthyl, 2'-fluoio, MOE, 


forRNA 


DMAE0E,LNA,5-MeC, 




5-propynyl, phenoxazme 




G-clffli^,PNA, 


Increased nuclease 


phosphoramidate, others 


MOB, DMAEOE, LNA, PNA, 


resistance 


phosphoramidate, mcnpholino. 




odiers 


Alter tissue 


MOB, PNA, cholesterol conjugate. 


distribution 


phosphoramidate, moipholino. 


Decrease toxicity 


others 

2'-0-nicthyl, MOE, 5-MeC, 




moipholino, othexs 
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IV. PHARMACOKINETICS OF 
PLIGONUCLEOTIDK 

A. Cellular Pharmacokinetics 



Cellular uptake of pbosphorothioate oligonucleotides has been 
documented to occur in most mammalian cells (96-103), Cel- 
lular uptake of oligonucleotide is time and temperature depen- 
dent It is also influenced by cell type» cell culture conditions 
and media, and the length/sequence of the oligonucleotide itself 
(96). No obvious correlation between the lineage of cell, 
whether the cells are transformed or virally infected, and uptake 
has been identified. Cellular uptake appears to be an active pio- 
cess (i.e.» oligonucleotide) will accumulate in greater concen- 
tration intracellular than m the medium and is energy depen- 
dent Despite the fact that mammalian cells in culture will 
readily accumulate oligonucleotides, it has been necessary to 
further facilitate cytosolic delivery for many, but not all, cells 
with bmsfection agents such as cationic lipids, dendrimeis, fu- 
sogenicpeptides. electroporation, etc., (38,46,104-108). In the 
absaiceoftfiese facilitators, it has been difficult to demonstrate 
true antisense effects in cultured cells., although there are some 
exceptions. However, in vivo, this is not the case. It has become 
apparent diat in vitro cell uptake studies do not predict in vivo 
cell uptake and pharmacokinetics of oligonucleotides 
(96,109-1 13). Our understanding of cellular and subcellular 
uptake has evolved as superior analytical tools have been devel- 
oped. These advances inchide development of immunohisto- 
chemical techniques use oligonucleotide-specijRc antibodies 
(1 14), and in situ perfusion of whole organs followed by cell 
sorting and subcellular separation techniques coupled with cap- 
illary gel electrophoresis (1 10). 

Our understanding of cellular and subcellular distribution 
and pharmacokinetics of oligonucleotides in whole animals 
is emerging. In our laboratories, we use more specific tools for 
qualification and even quantification of intact oligonucleotide 
(110.114-116). Pbosphorothioate oligonucleotides rapidly 
distribute to whole tissue with distribution half-lives range 
from 30 to 60 min in vivo. Approximately half of the oligonu- 
cleotide associated with the Hver (as an example) is intracellu- 
lar in bodi parenchymal and nonparenchymal cells by 4 h after 
intravenous administration (110,117). Hie other half of die 
organ-associated oligonucleotide appears to be associated 
with extracellular matrix or interstitium, or loosely bound to 
the cell membrane. Consistent with this observation, others 
have shown that phosphorothioates have been localized to 
connective tissue and can bind to various proteins within fliese 
matrices, such as laminm and fibronectin (114,118,119). 
Some of diis matrix- associated oligonucleotide will diffuse 
to cells over time or be lost to efflux from the organ (114). 
It is likely that both of these processes are functioning up to 
24 h after administration of oligonucleotide. By 24 h after 
injection of pbosphorothioate oligonucleotide, little is seen to 
be associated with extracellular matrix (114). Thus, it is likely 
that whole organ pharmacokinetic evaluation afte 24 h will 
parallel cellular clearance kinetics. 

Although the in vitro studies fail to predict well which cell 
types will take up oligonucleotide in vivo, the general trend 



of variability from cell type to cell type continues to be ob- 
- „ served in :5lYP .CU_4). Based .on_these results, one would not 
expec^ to unifmniy inhibit expression of a targeted gene prod- 
uct within a tissue or whole organism, resulting in differential 
sensitivity of diff^nt tissues and cells within tissue to the 
antisense effect Subcellular distribution has been shown to 
be broad, and the extent of cytosolic and nuclear distribution 
differs between cells (110). In -genral the total numb» of 
oligonucleotide molecules is greatest in the cy tosoL Howevw, 
because of the much smaller volume of the nucleus, the nu- 
cleus may often contain a higher concentration of oligonucleo- 
tide than the cytosol. 

Nuclease metabolism has been shown to account for the 
clearance of pbosphorothioate oligonucleotide from organs of 
distribution. Within the cells, the pattern of metaboUtes ^- 
pears to be quite similar between cell types and the subcellular 
compartments (membrane associated, cytosolic. and nuclear). 
Increasing doses from 5 to 50 mg/kg only moderately de- 
creased metabolism intraceilularly, consistent with whole 
organ data (110), 

S&vexBl studies have suggested that active uptake pro- 
cesses, including receptor-mediated endocytosis and pino- 
cytosis, are involved in uptake of oligonucleotides m vivo. At 
very low doses (less than 1 mg/kg), competition of binding 
for scavenger receptors m vivo altered the whole organ distri- 
bution of oligonucleotides in Hver but not in kidney 
(120-122). However, distribution studies conducted in scav- 
enger receptor knockout mice did not show significantly al- 
tered mtracellular and whole organ distribution of phosphoro- 
tiiioate oligonucleotides (123). 

Distribution in the kidney has been more thoroughly stud- 
ied, and drug has been shown to be present in Bowman's 
capsule, die proximal omvoluted tubule, die brush border 
membrane, and die renal tubular epithelial cells (114,124); 
These data suggested tiiat the oligonucleotides are filtered by 
tile glomerulus and then reabsorbed by the proximal convo- 
luted tubule epithelial cells. Moreover, die authors identified 
a specific protein in the brush border that may mediate uptake. 
In subsequent studies, die authors have purified the 45-kDa 
protein, reconstituted it in phospholipid vesicles and demon- 
strated tiiat it served as a channel allowing nucleic acid to 
pass tfuough phospholipid bilayers (125). In sqiarate studies, 
otiier investigators have shown tiiat, altiiough some oligonu- 
cleotide is taken up firom tiie tubular lumrai brush b(»der, die 
distribution to tiie tubule epitiielial cells is predominantiy firom 
the capillary serosal side (126). The uptake fiom capillary 
circulation may not be receptor mediated. In summary, it is 
likely tiiat tiiere are multiple processes involved in die uptake 
of oligonucleotides into cells in vivo. Additional researdi will 
be required to further elucidate tiiese mechanisms. 

B. Whole Animal Oligonucleotide 
Pharmacokinetics 

1 . Phosphorothioate Ollgodeoxynucleotides 

The plasma pharmacokinetics of phosphorotiiioate oligodeox- 

y nucleotides are characterized by nq[)id and dose-dependent 
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deaninoe (30-60 min half-life) driven primarily by distribu- 
tion to tissue and secondarily by metabolism. Urinary and 
fecal excretion are minor pathways for elimination of phos- 
phorothioate oligomicleotides. Dose-dependent clearance 
ftom plasma is prcdominanUy a function of saturable mm. . .. 
distribution (127,128). Metabolism has been shown to be mi- 
dianged in plasma over a large dose range (1-50 mg/kg) Mid 
tXtet repeated administration up to I montfi, suggesting fliat 
metabolism is ndtiier inhibited or hiduced by repeat adminis- 
tration (129). 

The plasma pharmacokinetics are quite sunilar betweea 
animals and man, and tiiey scale from one species to the next 
on tiie basis of body wraght, not surface area (129-133). For 
example, it is possible to show fliat. when dosed on thebasis of 
body weighU ttie concentrations of oUgonucteotides m plMim 
administered by a 2-h constant intravenous infiision are sinu- 
lar between humans and monkeys. TTius, it has been possible 
to predict plasma concentrations in humans from nonchmcal 
pharmacokinetic data. ..... 

Phosphorothioate oligonucleotides bind to circutottng 
plasma proteins such as albumfa and a-2 macroglobuhn (1 34). 
The apparent affinity for human serum albumin is low (10-30 
uM). Hierefore, plasma protein binding provides a repository 
for tiiese drugs preventing rapid renal excretion. Because 
serum protein binding is samrable at high concentrauons. m- 
tact oligonucleotide may be found in urine in mcre^uig 
amounts as dose rate and/or amount is mcreased (l2i», 
133 136) 

Phosphorotiiioate oligonucleotides are rapidly and exten- 
sively absort)ed after intradermal, subcutaneous, intramuscu- 
lar or intraperitoneal administration (109.127.137,138). Non- 
pa^enteral absorption has been characterized for pulmonary 
and oral routes of administration. Estimates of bioavailabdi^r 
range from 3% to 20% following intranasal dosing and < 1% 
by Uie oral route (139.140). Alttiough it is likely that peme- 
aWlity in tiie intestine is low. stabiUty of tiiese compounds m 
the intestine (prior to absorption) may be a rate-limiung factor 
to oral absorption (141,142). As discussed below, some chem- 
ical modifications to tiie oligonucleotide enhance oral a^irp- 
tion. The metabolic half-life of a 20-mer phosphoiotiu<»te 
oligonucleotide in flie rat intestine (in vivo) is less ttian lb 
(data shown in Section VI). 
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Phosphorofliioates are bioadly distributed to aU peripheral 
tissues. Highest concentrations of oligonucleotides are found 
hi tiie Uver, kidney, spleoi, lynqih nodes, and bone manow 
widi no measurable distribution to tiie brain (109,127,129, 
133,141). Mmy other tissues take vp smallw amounts of oli- 
"^ttcleotide, resulting in lower tissue concentrations. Phos- 
phorotiiioate oligonucleotides are primarily cleared from tis- 
sues by nuclease metabolism. Rate of clearance difCns 
between tissues wifli tiie spleen, lymph nodes, and liver, gen- 
erally clearing more npdly tfian kidney, for sample, la gen- 
eral, ttie clearance rates result in half-lives of elunination tang- 
ing ftom 2 to 5 days m rodents and primates (128,133). 

In summary, pharmacokinetic studies of phosphorotiiioate 
oUgonudeotides demonstrate tiiat tiiey are weU absori)ed from 
parenteral sites, distribute broadly to aU peripheral tissues, do 
not cross tiie blood-brain barrier, and are eUminatedpnmanly 
by slow metaboUsm. In short, once-a-day or every-otiier-day 
systemic dosuig should be feasible. In general, die pharmaco- 
khietic properties of tills class of compounds appear to be 
largely driven by chemistry rattier tiian sequMice. Additional 
smdies are required to detemnne whetiier tiiere are subfle se- 
quence-specific efiftscts on die phatmacokinefic profile of this 

class of drugs. 

2. Second-generation Oligonucleotides 
The plasma pharmacokinetics of 2'-0-mediyl-. r O-prop^ 
or 2'-0-metiioxyettiyl-modified oKgonucleotides do not differ 
significantiy from ttieir oligodeoxynucleotide congeners 
(79 80 143,144). Because metaboUsm plays only a nnnor role 
in ttie'plasma distribution kinetics, tiiis modification a ex- 
pected to do Utde to alter tiie distribution and excreuon kinet- 
ics. Eariy studies hi our laboratory todicate diat die binding 
affmity to serum albumin may be somewhat lessened by 2 - 
libose sugar modifications, but die overall capacity of the 
plasma proteins to bind tiiese oUgonudeotides is not signifi- 
cantly changed (Table 3). Therefore, urinary excretion re- 
mauis a minor route of eUmmatiqn. and tiiese componii<te are 
taoadly distributed to peripheral tissues. 

Several of die 2'.ribose sugar mp^ication produces 
enoiigh of an mcrease in nuclease resistance tiiat it is possible 



Tohi. 3 Serum Albumin Affmity, Whole Plasma Fraction Bound to Proteins (F»). and Fraction of Dose 



First- and Second-Generation Ghemistries — — 


Compound no. 


Chemistry 


Kd(|JtM) 




/excreted 


ISIS 2302 
ISIS 11159 
ISIS 16952 


PSODN^ 
PS2'-M0E^ 
P0 2'-M0E*' 


17.7 
29.3 
>500 


99.2 
955 
79.6 


0.003 
0.032 
0.45 
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(0 produce relatively stable oligonucleotides witii phos- 
phodiester linkages (Table 2). Thus, this modification allows 
for elimination or reduction in the number of sulfbrs contained 
in the intemucleotide bridge, but tiiese compounds are less 
stabte than ^tiieir 2^niodified phosphorotiiipate conveners 
(145)* In addition, as sulfur is removed, plasma protein bind- 
ing is greatiy decreased and rapid removal fiom plasnu by 
filtration in die kidney increases significantiy . This pharmaco- 
kinetic characteristic may limit the use of pbosphodiester 
second-generation modified oligonucleotides intended for 
treatment of systemic disease (79). Alternatively, this pharma- 
cokinetic profile may be ideal for locally administered oligo- 
nucleotides because it limits the accumulation of systemically 
absorbed drug. 

Absorption for parentcrally administered modified oligo- 
nucleotides is consistentiy rs^id and neariy complete. Some 
of the second-generation modified oligonucleotides have ex- 
hibited inq»n>ved mtestinal permeability (141) as well as sig- 
nificantiy unproved stability ui tiie uitestme (142). It is likely 
this combination of improved biochemical characteristics 
have led to the observation of improved oral bioavailability 
(141) for this class of oligonucleotide compounds. 

The distribution pattern of the 2'-ribose-modified phospho- 
rothioate oligonucleotides are similar to first-generation i^os- 
phorodiioates and similarly not altered by changes m se- 
quence. Kidney, liver, spleen, bone mairow, and lymj^ nodes 
are the major sites of distribution. The most excitmg differ- 
ence in pharmacokinetics is, not surprisingly, manifested in 
prolonged terminal elimination half-lives from tissues of dis- 
tribution. The elimination half-lives s^pear to be increased 
nearly 5 to 10-fold, suggesting that once-weekly systemic dos- 
ing may be feasible (Table 4). 

In summary, pharmacokinetic studies of 2'-modified ribose 
phosphorothioate oligonucleotides demonstrate tiiat they are 
well absorbed firom parentCTal sites, may have improved oral 
absorption attributes, and distribute broadly to all peripheral 
tissues. Altiiough stability has been greatiy enhanced, nuclease 
metabolism is likely the prunary mechanism for ultimate elim- 
ination of tiiese modified oligonucleotides. In short, once-a- 
week systemic dosing should be feasible and oral administra- 
tion may be possible in the near future. Additional studies are 



Table 4 Summary of Observed Organ Qearance Half-lives (in 
days) Comparing Second- and First-Generation Chemistries 



2'-Modified 
phosphorothioate Phosphorothioate 
Organ oligonucleotide oligodeoxynucleotide 



Kidney cortex 21.7 5.0 

Kidney medulla 10.4 3.1 

liver 7.7 2.8 

Spleen 8.1 3.3 

Lymph nodes 16.5 0.9 

Bone marrow 11.5 1.3 



required to determine whetiier there are substantial sequence- 
specific effects on the pharmacokinetic profile of this class 
of drugs. 

V. TOXICbtdOY OF OUQd^^^^^^ 

Phosphorothioate oligodeoxynucleotides have been examined 
exten»vely m a fiill range of acute, chronic, and reproductive 
studies in rodents, lagomorphs, and primates. At high doses, 
tiiere is a distinctive pattern of toxicity tiiat is common to 
all phosphorothioate oligodeoxynucleotides (146-149). The 
remarkable similarity in toxicity witii different phosphorothio- 
ate oligodeoxynucleotides suggests tiiat» for this class of anti- 
sense compounds, toxidty is independent of sequence and is 
die result of nonantisense-mediated mechanisms. The most 
probable medianism of the observed toxicities is the binding 
of oligodeoxynucleotides to proteins. These nonantisense-me- 
diated patiiways are believed to be responsible for most, if 
not all, of the toxicities associated witii the administration of 
these compounds to laboratory animals. This conclusion is 
strengtiiened by studies in which littie or no differences in 
toxicity are observed between pharmacologically active and 
inactive sequences. Different patterns of toxicity exist be- 
tween rodents and primates. Understanding the mechanisms, 
behind tiiese differences is crucial to understanding which 
species best predicts the potential human effects. A con^ari- 
son of tiie toxicological profiles of phosphorotiiioate oligode- 
oxynucleotides with that of the next generation of phosphoro- 
thioate oligonucleotides suggests that some of the chemical 
class-related toxicities of phosphorothioate oligodeoxynucle- 
otides can be ameliorated by chemical modification. 

A number of phosphorotiuoate oligodeoxynucleotides 
have been examined in 1 or more of tiie following batt^ of 
genotoxicity assays: Ames test, in vitro chromosomal abara- 
tions, in vitro nuammalian mutation (HGPRT locus and mouse 
lymphoma), in vitro unscheduled DNA synthesis tests, and in 
vivo mouse micronucleus. In all tiiese assays, tiie results were 
negative and tiiere was no evidence of mutagenicity or clasto- 
genidty of these compounds (150). 

A. Acute Toxicities 

In rodents, the acute toxicity of ];^osphorothioate oligodeoxy- 
nucleotideis has been characterized as part of an effort to deter- 
mine the maximum tolemted dose for in vivo genotoxicity 
assays. The doses of 3 phosphorothioate oligodeoxynucleo- 
tides required to produce 50% letiiality (LX)50) were estimated 
to be approxunately 750 mg/kg (150). 

In primates, tiie acute dose-limiting toxicides are a tran- 
sient mhibition of the clotting cascade and the activation of 
the complement cascade (146,151,152). Botii of tiiese toxici- 
ties are believed to be related to the polyanionic nature of tiie 
molecules and tiie binding of tiiese conq>ounds to specific 
protein factors in plasma. 

Prolongation of clottmg times following administration of 
different phosphorothioate oligodeoxynucleotides is charac- 
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terized by a oonc«itratton-dependem prolongation of acti- 
vated partial ttuomboplastin times {oPTT)- (149^153-155);-- 
The prolongation of aPTT is highly transient and direcdy pro- 
portional to plasma concentrations of oligodeoxynocleotide 
and therefore parallels the plasma drag concentration curves 
with various dose regimens. As drag is cleared from plasma, 
tiie inhibition diminishes sudi tiiat there is complete teveisal 
witfiin hours of dosing. With rq)eated-adttriiiisftalfotlii^ 
is no evidence of residual uhibition. Prolongation of aPTT 
has been observed in all q[)ecies examined to date, including 
human, monkey, and rat Hie medianism of prolongation of 
aFTT by phosphorotiiioate oligodeoxynucleotides is believed 
to be a result of the interaction of die oligonucleotides with 
proteins. It is well known that polyanions are inhibitors of 
clotting, and phosphorothioate oligodeoxynucleotides may act 
through similar mechanisms. If tiiese oligonucleotides uihibit 
Uie clotting cascade as a result of tiieir polyanionic properties, 
then binding and inhibition of thrombin would be a likely 
mechanism of action. However, the greater sensitivity of the 
intrinsic pathway to inhibition by phosphcKOthioate oligode- 
oxynucleotides suggests tfiat tiiere are oth^ clotting factors 
specific to tiiis patiiway tiiat may also be inhibited. Recent 
data suggest tiiat tiieie is a spedfic allosteiic inhibition of the 
tenase complex as well as binding to tiirombin (152,156). 

In clinical trials with ISIS 2302, normal volunteers and 
patients were dosed witii 2 mg/kg infiiscd ovct 2 h. This regi- 
men produced total oligonucleotide conc^trations of 10 to 
15 p.g/mL and a concomitant moease in aPTT of approxi- 
mately 50% (130), whidi ccnrelates well witii in vitro human 
and animal data. The transient and reversible nature of aFTT 
prolongation, combined with die relatively small magnitude 
of the change, makes these effects clinically insignificant for 
the current treatment doses and regimens. 

Activation of die complement cascade by phoqphoiotiiioate 
oligodeoxynudeotides has die potential to produce die most 
profound acute toxicological effects. In primates, treatment 
witfi high doses over short infusion times resulted in marked 
hematological effects and marked hemodynamic changes tiiat 
are believed to be secondary to complem^t activation. Hema- 
tological changes are characterized by transient reduction in 
neutrophil counts, presumably due to maiglnation, followed 
by neutroj^iilia with abundant immature, nonsegmented neu- 
trophils (147,151). In a smaD fraction of monkeys, comple- 
ment activation was acconq)anied by marked reductions in 
heart rate, blood pressure, and subsequentiy cardiac ou^ut 
In some animals, these h^odynamic changes were lethal 
(146,151,157). 

There is an association between cardiovascular collapse 
and con^lement activatioa That is, all monkeys demonstrat- 
ing some degree of cardiovascular collapse or hemodynamic 
changes had markedly elevated levels of complement split 
products. HowevCT, the converse is not trae, in diat only a 
fraction of the animals wifli activated complement had cardio- 
vascular functional changes (150). Thus, tiiis observation sug- 
gests tiiat tfiere may be sensitive subpopulations or predispos- 
ing factors witiiin individual animals diat make diem 
susceptible to die physiological sequelae of complement acti- 



mate studies to moniWfor dies^ 

die normal evaluation of diese con^pounds (158,159). a1- 
tiwugh complement ac^vaticm at high doses is condstent and 
predictable between animals, diere is cunendy little apprecia- 
tion for die variability in die severity of die associated herno^ 
dynamic dianges. Aldiou^ the split product Bb can be used 
" to monitor conqifement activation, it is C5a (compleanent split 
product) diat is die most biologically active split product Pre- 
liminary data obtained relating response to complement split 
product levels indicate tiiat C5a levels are elevated more sig- 
nificantiy m some of die moie affected anunals (150). 

The goal of toxicity studies is to characterize die toxicity of 
compounds and to establish a framewoik upon wbidi clinical 
safe^ studies can be designed. In tiiis regard, it is useful to 
examine die relationship betwe^ plasma conceatrations of 
oligonucleotides and the activation of complement When Bb 
concentrations were plotted against die concurrent plasma 
concentrations of oligodeoxynucleotides in primates, it was 
^parent diat complemaR was only activated at concentra- 
tions of pfaosphoiotiuoate oligodeoxynucleotides diat exceed 
adueshold value of 40to50p,g/mL (151). Bblevds remained 
unchanged from control values at plasma concentradons 
below die dueshold. Remarkably, this direshold concentration 
is similar for duee 2(^mer phosphorothioato oligodeoxynucle- 
otides and for an 8-mer pho^horotiuoate oligodeoxynucleo- 
tidc diat forms a tetrad cwnplex (160,161). Recwtt data dem- 
onstrate diat human serum may be less sensitive to activation 
than monkey serum, suggesting a species difference in sensi- 
tivity. Regardless of small diffoences, it is clear that clinical 
dose regimens should be designed to avoid plasma oligodeox- 
ynucleotide concentrations diat exceed 40 to 50 (ig^mU To 
this end, die similarities in plasma pharmacokinetics between 
monkeys and humans have allowed the design of dose regi- 
mens that achieve desired plasma concentration profiles. 

The most direa q)proach for staying below die plasma 
thresholds for complement activation is to reduce die dose 
rate by substitotuig pn^onged infusions for bolus injections. 
In clinical trials with pho^horothioate oligodeoxynucleo- 
tides, die drugs are administered either as 2-h infusions or as 
constant 24-h infusions. At a rate of infusion of 2 mg/kg over 
2 h, die Cmax was 8 to 15 fig^mL, still well below the diresh- 
old for complement activation (130). Phosphorothioate oligo- 
deoxynucleotides have been administered by intmvenous infu- 
sion to more dian 3(XX) patients and volunteers without any 
significant indication Of activation of the alternative comple- 
ment cascade. 

1 . Modified Oligonucleotides 
Chemical modifications to phosphorothioate oligodeoxynu- 
cleotides may reduce die potential to activate complement. In 
one study, cynomolgus monkeys were administered an intra- 
venous infusion over a lO-min period witii a 5, 20, or 50 mgf 
kg dose of a 17-mer phosphodiester oligodeoxynucleotide, 
Arl77, diat had phosphorotiiioate cq)s on die 3' and 5' termini 
(154,162), This oligonucleotide is known to have a complex 
secondary structure. In diis experiment, altiiough diere was 
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a dose-related increase in plasma concentrations of Bb, the 
magnitude of the increases weite stttaU" 
known activity of fuU-pbosphorothioate oligodeoxynucleo- 
tides (162). Whether this diminished potential to activate the 
complement cascade is related to die reduction of phosphoro- 
thioate linkages or whether it is due to the complex secondary 
structuie of this paiticular oligodeoxynucleotide was not es- 
tablished by these experimetits. Some insight into this question 
was obtained in a second series of experiments performed 
with oligonucleotides that contained 2'-0-metboxyethyl 
modifications of the ribose sugar in 12 of the 20 nucleotides 
(149,150). Cynomolgus monkeys were treated by 10-rain in- 
travenous infusion with single doses of 1, 5, or 20 mg/kg 
of this 20-mer oligonucleotide that was either fully modified 
phosphorothioate linkages (ISIS 13650) or had phosphodiester 
wings and a central rpgion of phosphorothioate linkages (9 
linkages, ISIS 12854). The termini of both compounds con- 
tained six 2'-modified nucleotides. A diird unmodified phos- 
phorothioate oligodeoxynucleotide, ISIS 1082, was included 
as a positive control. The unmodified compound produced 
marked increases in Bb and severe cardiovascular effect at 
the dose of 5 mg^ (30- to 60-fold over baseline). At 5 mg/ 
kg, the aPTT values were 41 and 33 sec for the fully phospho- 
rothioate and partially phosphorothioate 2'-modified oligonu- 
cleotides, respectively. In contrast, the unmodified phosphoro- 
thioate oligodeoxynucleotide produced an aPTT of 72 sec at 
the same dose. These data suggest that reduction in the number 
of phosphorothioate linkages reduced die inhibitory ei^ects on 
aPTT and the activation of the complement cascade. However, 
the more important difference was that both 2'-0-methoxy- 
ethy 1 compounds were markedly less potent in activating com- 
plement than an unmodified oligodeoxynucleotide (O.K. 
Mpnteitii, P.L. Nicklin, and A. A. Levin, unpublished observa- 
tions, 1997). Although die saifety profile of phosphorotiiioate 
oligodeoxynucleotides has proven satisfactory, the acute 
safety profile of the next generation of oligonucleotides may 
be improved by modification of the 2'-position of the ribose 
sugar with an alkoxy such as 2'-0-melhyl or 2'-0-methoxy- 
ethyl and by reductions in phosphorothioate linkages. 

B. Toxicologlcai Effects Associated with 
Chronic Exposure 

One of the characteristic toxicities observed with repeated 
exposure of rodents to phosphorothioate oligodeoxynucleo- 
tides is a profile of effects that can be described as immune 
stimulation. The profile is characterized by splenomegaly, 
lymphoid hyperplasia, and diffuse muUiorgan mixed mononu- 
clear cell infiltrates (149). The severity of these changes is 
dose dependent and most notable at doses equal to or exceed- 
ing 10 mg/kg. The mixed mononuclear cell infiltrates con- 
sisted of monocytes, lymphocytes, and fibroblasts and were 
particularly notable in liver, kidney, heart, lung, thymus, pan- 
creas, and periadrenal tissues (148,163-165). 

Aldiough immune stimulation in rodents is believed to be 
a class efiect of phosphorothioate oligodeoxynucleotides and 
not dependent on hybridization^ sequence is an important fac- 



tor in determining unmunostimulatory potential (166-169). 
Immunosthnulatory motifs have b^n described in the litera- 
ture and involve paluidromic sequences and CpO (cytosm&- 
guanosine) motifs (169). 

Among the most remarkable features of oligodeoxynucleo- 
tide-induced immune stimulation are the species differences. 
Rodents are highly susceptible to this generalized immune 
stimulation, whereas primates appear to be relatively insensi- 
tive to the effect at equivalent doses. Even 6 months of treat- 
ment of cynomolgus monkeys with 10 mg/kg of a 20-mer 
oligodeoxynucleotide, ISIS 2302, given every odier day pro- 
duced only a relatively mild increase in B cell numbers in 
spleen and lymph nodes of die primates widi no change in 
organ weights. The mixed mononuclear cellular infiltrates in 
liver and other organs that are so characteristic of the reqK>nse 
in rodents are absent even after long-term exposure in mon- 
keys (149). It is known that rodents are more suscq>tible to 
the stimulatory effects of lipopolysaccharides, and much of 
die inunune stimulation produced by oligodeoxynucleotides 
shares characteristics with lipopolysaccharide stimulation. 
Assuming results obtained m monkeys can be used to predict 
stimulation in hunums, then die immunostimulatory effects 
may not be a prominent adverse effect in humans. 

It is evident that there are both species and sequence differ- 
ences involved in inmiune stimulation and that specific se- 
quences should, if possible, be excluded from oligodeoxynu- 
cleotides. In long-term toxicity studies in rodents, die constant 
cell proliferation associated widi immune stimulation may 
have promoter-like effects and may dius complicate the inter- 
pretation of rodent carcinogenicity studies. At this time, there 
are no reports of toxicity studies longer than 6 months, and 
the long-term sequelae of inunune stimulation in rodents are 
at present merely speculation. More important, immune stimu- 
lation following systemic administmtion of phosphorothioate 
oligodeoxynucleotides does not appear to be clinically rele- 
vant 

Morphologic changes in the bone marrow of mice were 
observed after 2 weeks of treatment (3 doses/week) with 100 
to 150 mg/kg phosphorothioate oligodeoxynucleotide There 
was reduction in number of megakaryocytes diat was accom- 
panied by a reduction of approximately 50% in circulating 
platelet counts (164). Reductions in platelets have been ob- 
served in rats treated with 21.7 mg/kg ISIS 2105 given every 
other day (148), but were not observed in primates adminis- 
tered 10 mg/kg. Similarly, a reduction in platelets was ob- 
s^ed in mice, but not in monkeys treated for 4 weeks with 
ISIS 2302 at doses of 100 and 50 mg/kg every otiier day, 
respectively. Similar observations were made for ISIS 5132 
witii reductions in platelets at 20 and 100 mg/kg in mice and 
no observed effect in monkeys up to 10 mg/kg (163). These 
data suggest diat the mouse may be more sensitive to these 
subchronic effects on platelets tiian nonhuman primates. How- 
ever, in acute studies in primates, transient reductions in plate- 
lets are occasionally observed. These transient reductions in 
platelets occur acutely during 2-h infusions at doses of 10 mg/ 
kg, reverse after completion of die infusion, and have not been 
associated with any measurable change in platelet number 24 
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to 48 h after sutxdironic or dironic treatment regimens (150). 
?T|mHnboqrtg 

with GEM 91, a 27-mer phosphoiothioate oligodeoxynuclco- 
tide (170). 

Tissue distribution studies have shown that the Kvct and 
kidnqr are major sites of deposition of phosphorothioate oli- 
godeoxynucleotide. In toxicity studies with phosphorodiioate 
oligodeoxynucleotides, a variety of hepatic changes have been " 
observed. The immune-mediated cellular infiltrates in rodent 
Kvers were discussed above. With high-dose administration 
of oligodeoxynucleotides in all species examined, diere was 
a hypertrophic change in Kupffer cells accompanied by inclu- 
sions of basophilic material that was observed with hematoxy- 
lin and eosin staining. These basophilic granules have been 
identified as inclusions of oligodeoxynucleotide (114). Rir- 
thermoie, it was demonstrated (hat the presence of these inchi- 
sions was rehited to dose. 

HepatoceDular changes were not a prominent feature of 
toxicity in primates. In cynomolgus monkeys, 50 mg ISIS 
2302 per kg adnunisteied every other day for 4 weeks by 
intravCTOus injection produced no morphologic indication 03f 
liver toxicity, althoug|i there was a sUgbt (l.S-f61d) increase 
in AST in Oiis gn)iq> (171). Following subcutaneous doses of 
KIS 3521 and ISIS 5132 of up to 80 mg/kg every other day 
for 4 doses, there was Kupffer ceU hypertrophy and periportal 
cell vacuolation, but no indication of necrosis and only a veiy 
sUght increase in ALT (150). After 4 weeks of altemale^ay 
dosing with 10 mg/kg via 2-h mtravcnous mfusion of eithtt 
ISIS 3521 or ISIS 5132, there were no alterations in AST 
CM- ALT, suggesting that at clinically relevant doses of these 
compounds, there was no evidence for hepatic pathology or 
tansaminemia. In clinical trials with ISIS 2302, ISIS 3521, and 
ISIS 5 132 at doses of 2 mg/kg administered by 2-h mftision on 
alternate days for 3 to 4 weeks, there was no indication of 
hepatic dysfimctiwi. nor was there any evidence of trans- 
aminemia. 

Like Kupffer cells in the liver, renal proximal tubule epi- 
theHal cells take up oligodeoxynucleotide, as demonstrated 
by autoradiographic studies and inununohistochemistry as dis- 
cussed previously (114.118,172,173) and by the use of special 
histologic stains (147). The ^jpearance of basophilic inclu- 
sions is dose dqpendrat in proximal tubule cells. Significant 
renal toxicity can be induced by extremely high doses. Doses 
of 80 mg/kg in rats and monkeys have induced both histologic 
and serum chemistry changes in the kidney (174). At cUnically 
relevant doses, however, there was no indication of renal dys- 
function. In 4-week or 6-month toxicity studies with phospho- 
rothioate oligodeoxynucleotides, we observed a much more 
subtle type of moiphologic change in the kidney. At a dose 
of 10 mg/kg on alternate days, here was a decrease m the 
height of the brush bord<^ and enlarged nuclei in some proxi- 
mal tubule cells. These changes have been characterized as 
minimal to mild tubular atrophic and regenerative changes. 
At a dose of 3 mg/kg and below, these changes were only 
infrequendy observed, if at all. 

An important aspect of dose-dq>endent effects is character- 
ization of exposure concentrations and their relationship to 



morphological changes. To assess exposure, concentrations 
of oligodeoxynucleotide have been measured in the renal 
cortex obtained in subchronic and chronic toxicity studies 
Renal concentrations increase with increasing doses. The con^ 
centration of total oligodeoxynucleotide in the renal cortex 
associated with minimal to mild (although not clinically rele- 
vant) renal tubular atrophy or regenerative changes is approxi- 
mately 1000 fig/g of tisisue. The cortex concentrations of total 
oligodeoxynucleotide tiiat are associated with moderate de- 
generative changes after subcutaneous doses of 40 to 80 xnsf 
kg arc greater than 2000 jtg/g. At a cfinicaUy relevant dose 
of 3 mg/kg ev«y otiier day. the steady-state concentration of 
total oligodeoxynucleotide in tiie kidney is m the range of 400 
to 500 jig/g, tiius demonstrating a significant margin of safety 
between tfie clinical doses and those doses associated with 
even die most mmimal morphologic renal changes. Applica- 
tion of clearance and steady- state pharmacokinetic models 
suggests tiiat continued administration of oligodeoxynucleo- 
tide at diis dose should never achieve die renal concentrations 
associated widi dysfunction (129). These models have been 
confirmed in 6-month chronic toxicology studies, where tissue 
concentrations measured at die end of 6 monttis of every- 
otiier-day dosing was no different tiian levels observed after 
4 wedcs of dosing at a similar or equivalent dose. 

C. Chemical Modification of 
Oligodeoxynucleotides 

Chemical modifications of oligodeoxynucleotides have been 
shownto reduce the potency of immune stimulation. The sim- 
plest modification with remarkable activity for reducing tiie 
immunostimulatory effects of oligodeoxynucleotides is tiie re- 
placement of cytosine witii 5-mefliyl cytosine. The metfiyla- 
tion of a single cytosine residue in a CpG motif reduced 
pHJuridine incorporation and IgM secretion by mouse spleno- 
cytes, Metiiylation of a cytosine not in a CpG motif did not 
reduce the immunostimulatory potential (175). In our experi- 
ence witii mice, when siequences witfi 5-metiiyi cytosine are 
compared witfi tiie same sequence witiiont metiiylation, tiie 
mediylated sequence has a lower potency for inducing im- 
mune stimulation, as determined by spleen weights and im- 
mune cell activation (176,177). 

Substitution of metiiylirfiosphonate linkages for phospho- 
rotiiioate linkages on each of die 3' and 5' termini have also 
been reported to reduce the proliferative effects and the secre- 
tion of IgG and IgM compared 2 witii tiie full phosphorotfiio- 
ate analog (178). This suggests tiiat tiiat fliis modification can 
also be used to ameliorate inunune stimulation. The addition 
of 2'-0-metiiyl substituents also reduced immunostimulatory 
potential (178). The relative contribution of tiie uridine substi- 
tution and tiie 2'-metiioxy substitution could not be differen- 
tiated in tiiis experinient The effect of 2'-alkoxy modifications 
on inununostimulatory potential needs further mvestigation. 
Rnally, tfie effects of chemical modifications of phosphoro- 
tiiioate oligonucleotides on renal and hepatotoxicity are cur- 
rentiy being investigated. 
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VL OLIGONUCLEOTIDE FORMULATIONS 

A. Physical-chemical Properties 

Due to the presence of a mixture of diasteieisomeis, phospho- 
rothioate oligodeoxynucleotides are amoiphous solids pos- 
sessing the expected physical properties of hy^scopicity, 
lowrhMlkjjensity, eleciTM chargepick up, and pporly_de- 
fined melting point prior to decomposition. Their good chemi- 
cal stability allows storage in the form of a lyophilized pow- 
der, spray-dried powder or a concentrated, sterile solution; 
more than 3 years of storage is possible at refrigerated temper- 
atures. 

Due to their polyanionic nature, i^osphorothioate oligode- 
oxynucleotides are readily soluble in neutral and basic condi- 
tions. Drug-product concentrations are limited (in select appli- 
cations) only by an increase in solution viscosity. The counter 
ion composition, ionic strength, and pH also influence the 
apparent solubility. Phosphorothioate oligodeoxynucleotides 
have an apparent pKa in the vicinity of 2 and will come out 
of solution in acidic environments (i.e., the stomach). This 
precipitation is readily revCTsible with increasmg pH by 
acid-mediated hydrolysis. 

Instability of phosphorotiiioate oligodeoxynucleotides 
have been primarily attributed to 2 degradation mechanisms: 
oxidation and acid-catalyzed hydrolysis. Oxidation of the 
(P=S) bond in the backbone has been obs^ed at elevated 
temperatures and mdss intense ultraviolet light, leading to 
partial phosphodiesters (still pharmacologically active) and 
are readily monitored by anion-exchange higft-pcrformance 
liquid chromatography. Under acidic conditions, hydrolysis 
reactions followed by chain-shortening depurination reactions 
have been documented by length-sensitive electrophoretic 
techniques. - . . . 

B. Parenteral Injections 

Given the excellent solution stability and solubility possessed 
by phosphorothioate oligodeoxynucleotides, it has been rela- 
tively straightforward to formulate the first-generation drug 
products in support of early clinic^ trial&iSimple^f buffered 
solutions have been successfully used in cluiical stii^ by 
intravenous, intradermal, aind subcutaneous injectioius. Re- 
cently, the intravitreal rdiite was s^vproved for the first ianti- 
sense drug application. 

C. Topical Delivery for Diseases of the Skin 

The barrier properties of human skin have been an area of 
multidisciplinary research for a long time. Skin is one of flie 
most difficult biological membrane to penettate, primarily due 
to the presence of stratum comeum (SC), which is composed 
of comeocytes laid in a brick-and-mortar arrangement with 
layers of lipid. The comeocytes are partially dehydrated, an- 
uclear, metabolically active cells completely filled with bun- 
dles of keratin with a thick and insoluble envelope replacing 
the cell membrane (179). The primary lipids in the SC are 
ceramides, fiee sterols, free fatty acids, and triglyc^des 



(180), which form lamellar liind sheets between the comeo- 
cytes. These uniquestructural features^of SC provide an excel- 
lent barrier to penetration of most molecules. 

Therefoie, as tht primary barrier to transport of molecules 
to the skin, physical alteration in SC can result in improved 
skin penetration. Tape stripping and abrasion by repeated 
brushing reduced the SC barrier suffidentiy to allow penetria- 
tion of naked plasmid DNA and produced gene expression in 
skin at a level comparable to that after intradermal injection 
of naked plasmid DNA (181). Other studies have also shown 
an increase in oligonucleotide penetration upon physical re- 
moval of SC barrier (1 82-184). 

1 . Altering the Thermodynamic Properties of 
the Molecules 

Increasing lq)id partitioning to improve skin penetration has 
been evaluated using 2 techniques that alter the thermody- 
namic properties of oligonucleotide molecules. A ccmiplex of 
phosphorothioate oligonucleotide with hydrophobic cations 
such as benzalkonium chloride resulted in increased penetra- 
tion through isolated hairless mouse skin that was explained 
on the basis of greater partitioning in Upid phase (1 84). Chemi- 
cal modification of oligonucleotides to eliminate the negative 
charges also resulted in a size-d^ndent increase in the pene- 
tration of oligonucleotide into the skin whra used with chemi- 
cal penetration enhancers such as ethanol and dimethyl sulfox- 
ide (183). 

2. Electrical Field for Alteration of SWn 
Pemieability 

Iontophoresis, which involves application of electric field 
across the skin to induce electrochemical transport of charged 
molecules, is studied extensively for transdmnal delivery of 
phosphorothioate oligonucleotides (185,186). The transder- 
mal delivery was shown to be size dependent with steady- 
state flux values ranging from 2 to 26 pmol/cm^ in isolated 
hakless mice skm. The steady-state flux also depended on the 
sequence, and not just the base composition, of the oligonucle- 
otide. Molecular structure, therefore, is a key contributor to 
iontophoretically assisted transport of oligonucleotides 
(187-189). Electroporation a technique using much higher 
voltage than iontophoresis to cause fomfuuion of transient 
aqueous pathway in skin lipids, provides therapeutic levels 
(> 1 of oligonucleotides in tiie viable tissues of the skin 
(190). 

3. Formulations for the Alteration of Skin 
Pemieability 

Chemical penetration enhancers have recentiy been studied 
for increasing transdermal delivery of oligonucleotides or 
other polar macromolecules. Chemical-induced transdermal 
penetration results ftom a transient reduction in the resistance 
of tiie SC barrio properties. The reduction may be attributed 
to a variety of factors such as opening of intercelhilar junctions 
due to hydration (191), solubilization of SC lipids (192,193) or 
increased lipid bUayer fluidization (194). Types of chemicals 
known to be penetration enhancers include alkyl esters (195), 
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phospholipids (196), teipencs (197), nonionic^siii^^ 
(198), and toiirocaprm (Aioi»^ (199). A combination <rf var- 
ious suifactants and cosoivents can be used to achieve skin 
penetration with therapeutically relevant concentration of 
phosphorodiioate oligonucleotides in the viable epidermis and 
dermis (200). The topicd fiwroulatioM 
higher epidermal and dermal levels of otigonucieotgde than 
those achieved by an intmvenous injection at highest tolerated 
doses. This suggests that the topical route is more efficient in 
reaching all layers of the skin than systemic administration 
of phosphorothioate oligonucleotides. 

Liposomes have been studied to transport oligonucleotides 
iirto the skia They can increase the fluidity of skin lipid layers 
(similar to chemical enhancers) to facilitate transdermal per- 
meadon and can also carry encapsulated molecules through 
appendageal pathway (201,202). Mixture of a phosphorothio- 
ate oligodeoxynucleotide with a suspension of anionic or neu- 
tral lipids resulted in a slight increase in accumulation in epi- 
dermis and dermis (R. Mehta, unpubUshed, 1999). Using a 
combination of dififmnt delivery techniques and formula- 
tions, it appears to be feasible to deliver a therapeutically 
relevant amount of antisense oligonucleotide to the skin. In 
addition, preliminary results in our laboratory show a dose- 
dependent pharmacological efiFect consistent with the anti- 
sense mechanism of action of an ICAM-1 antisense oligonu- 
cleotide, ISIS 2302 (200). Studies are also underway to assess 
pharmacology and tissue kinetics of ISIS 2302 in human dis- 
ease models. 

D. Oral Delivery 

Of the numerous barriers proposed by Nicklin and others (138) 
to the oral delivery of oligonucleotides, our experience has 
confirmed that 2 stand out as critical: instability in the gastro- 
intestinal (GI) tract and low pemieability across the intestinal 
mucosa. Given the formidable nature of these 2 barriers, it is 
not surprising that oral delivery of oligonucleotides has been 
considered impossible, or at best, difficult— as is the case 
with (TOtems, which has necessitated the latter's nonenteral 
administration in order to achieve systemic concentrations 
considered therapeutic. Nevertheless, progress has been made 
to address and/or understand each barrier with respect to oligo- 
nucleotides. (P=S)-oligonucleotides have a distinct advan- 
tage over proteins in that the former does not rely on secondary 
structure for activity. This provides freedom from concern 
over secondary structure destabilization and allows for 
(P=S)-oligonucleotide structural modifications to address 
both presystemic and systemic metabolism. 

Natural DNA and RNA are rapidly digested by the ubiqui- 
tous nucleases found within the gut. As a consequence, oligo- 
nucleotides need to be stabilized in order to achieve a reasona- 
ble GI residence time to aUow for absorption to occur. 
Surprisingly, phosphorothioate oligodeoxynucleotides were 
found to be rapidly degraded by nucleases found in the GI 
tract; therefore, additional protection from nuclease degrada- 
tion is required to achieve significant oral bioavailability. Oli- 
gonucleotides that are uniformly modified or modified on the 



J'-end (gapjners_or3'-hemimers>(Rg. 6) with nuclease-resis- 
tant modification have die potential to exhibit increased oral 
bioavailability. This was demonstrated for both bactoone 
modifications (methylphosphonates) and for sugar-modifiecl 
(2'-0-metiiyl) oUgonucleotides (141.203), We have found tihat 

-2'-0-naethoxyethyl-modified oligonucleotides also exhibit in- 
creased oral absorption compared with phosphorothioate oli^ 
godeoxynucleotides (80,142). 

The phy sicochemical properties of phosphorothioate oligo- 
deoxynucleotides present a significant barrier to thdr GI ab- 
sorption into the systenifc circulation or the lymphatics. These 
factors inchide tiieir large size and molecular weight (i.e., up 
to 6.5 kDa for 20-mers), hydrophilic nature Oog D^nrapproxi- 
raating -3.5) and multiple ionization pkaS (e.g., G. Hardee, 
1999, unpublished titration data, using a Sinus GlpKa instni* 
ment on a 20-mer sequence, noted ovw- 17 pk^s for phosphoro- 
diioate oligodeoxynucleotide and over 32 pk^s for die 2 -O- 
metiioxyetiiyl hemi-mer form). The use of formulations can 
improve upon GI permeability. Oligonucleotide drag formula- 
tions designed to improve oral bioavailability need to consider 
the mechanism of oligonucleotide absorption — eitiier paracel- 
lular via die epitiielial tight junctions, or transceUular via di- 
rect passage tiirough die lipid membrane bilayer. By using 
paracellular and transceUular models appropriate for water- 
soluble, hydrophilic macromolecules, it was determined that 
oligonucleotides predominantiy traverse GI epithelium via the 
paracellular route. In tiiis regard, formulation design consider- 
ations involve the selection of tiiose penetration enhancers 
(PEs) that facilitate paracellular transport and meet other for- 
mulation criteria, including suitable biopharmaceutics, safety 
considerations, manufacturability, physical and chemical sta- 
bility, and practicality of die product configuration (Le„ re- 
garding production costs, dosing regimen, and patient compli- 
ance, etc.). Woric is in progress, optimizing oligonucleotide 
chemistiy wifli various permeation enhancers (142,204,205). 
Prelimmaiy data are encouraging and support continued in- 
vestment of resources on this endeavor. 

E. Liposome Formulations 

Liposome formulations of antisense oligonucleotides offer 
several potential advantages over saline phosphorodiioate oli- 
godeoxynucleotides, such as decreased toxicity, altered tissue 
and cellular distribution, and more convenient dose schedule 
for die patient Interesting progress has been reported regard- 
ing die passive targeting of oligonucleotides to specific tissues 
using Uposome-encapsulated dierapeutics. Accumulation at 
sites of infection, inflammation, and tumor growth has been 
attributed to increased circulation times of tiiese materials and 
die leaky vasculatures associated widi tiiese processes 
(206,207). One caution regarding these observations is worth 
noting. Because tiie mononuclear phagocyte system (MPS) is 
largely responsible for clearing tiiese materials from circula- 
tion, misleading data regarding circulation time may be ob- 
tained in species witii less-evolved systems (i.e., rodents). 

C^tionic liposomes bind to oligonucleotides due to die 
electrostatic interaction l^etween positively charged head 
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groups on lipids and negatively cliarged phosphates on oligo- 
nuawtides.lJsiifg the tectodqueijfcomptexation, all the oli= - 
gonucleotide can be entrapped and purification is not required. 
Hie utility of in vivo deUvecy of oligonucleotide using cationic 
lipid is limited due to sequestration of material in lung and the 
RES system (144,208). In addition, int^action of die conq>lex 
with blood cdihponcnts leads to serum sensitivity and cytotox- 
icity (209,210). 

There are few examples of oligonucleotide delivery by an- 
ionic or diarge-neutral liposomes. Oligonucleotides encapsu- 
lated into cardiotipin-^ntaining anionic. Uposon^ 
shown to be taken up 7 to 18-fold more in human T leukemia 
and ovarian carcinoma cells in vitro. The intracellular release 
of oligonucleotides was also facilitated and the majority of 
oligonucleotide was delivered into liposomes (211,212). 
Metiiylphospbonate analogs were incorporated into DPPC- 
containing liposomes and targeted against the Bcr-abl neogeae 
found in chronic myelogenous leukemia (CML), The liposom- 
al- encapsulated oligonucleotides inhibited the growtti of 
CML cells (213), Cellular uptake of oligonucleotides against 
epidermal growth factor (EGF) aicapsulated in DPPCiCHOL 
liposome containing folate was 9 times high^ than nonfolate 
liposomes and 16 times higher than unencapsulated liposomes 

(214) . There are 2 limitations to intracellular delivery of oligo- 
nucleotides by anionic or neutral liposomes: (1) not all cells 
take up particulate matter, and (2) these liposomes have low 
^capsulation efficiency. 

There is only 1 report of using anionic liposomes in vivo to 
deliver oligonucleotides. Ponnappa et aL described liposomes 
consisting DPPC:CHOL:DMPG targeted toward Kup^er cells 

(215) . In this study, greater tiian 65% of the liver-associated 
oligonucleotide was found in Kup^er cells. 

Conjugation of antibodies to liposomes have been used for 
targeting of oligonucleotides to specific targets (216-220). 
Problems with the approach include the inhibition of cellular 
uptake by the high molecular weight antibody, cost, and poor 
encq)sulation efficiency. 

The primary mechanism for cell internalization of neutral 
liposomes is by endocytosis with the vesicles and their con- 
tents delivered to lysozomes (221). pH-sensitive liposomes 
have been designed to fuse with die endosomes at low endoso- 
mal pH and empty their content into cytosol. These pH-sensi- 
tive liposomes have been used to deliver antisense oligonucle- 
otides. pH-sensitive liposomes composed of oleic acid: 
DbPE:Chol-encapsulating antisense oligonucleotide targeted 
against fiiend retroviius inhibited die viral spreading, whereas 
free oligonucleotide and non pH-sensitive liposomes were in- 
effective (222,223). pH-sensitive liposomes encapsulating the 
anti-env oligonucleotide were found to inhibit viral spread at 
low concentration in infected Dunni cells (224). The major 
limitation of pH-sensiti ve liposomes in vivo is their instability 
in plasma (225.226). This problem was overcome by adding 
polyetiiylene glycol-phosphatidylethanolamine (PEG-PE) 
into die formulation (227). PEG-PE is believed to coat die 
surface of liposomes, thereby preventing the interaction of 
liposomes with blood components. This reduced uiteraction 
leads to increased stabiUty and plasma half-life of liposomes. 



The pH-sensitive liposomes composed of CHEMS:DOPE: 
PEG-PE, when injected intravenously into rats, had similar 
pharmacokinetics parameters as non pH-sensitive stcrically 
stabilized liposomes. The regular pH*sensitive liposomes 
witiiottt PEG-PE were cleared rapidly fiom the circulation. 

Looking past die question of uptake, a novel approach to 
releasing endosomal contents into the cytoplasm after uptake 
has been lecentiy reported^ (228-230). A 58-kDa protein iso- 
lated from Listeria monocytogenes was incorporated into pH- 
sensitive fluorescent dye. It could be determined diat as soon 
as. the eiKiospin^^ to acidify, the liposome/endosome 
contents w«e released into die cytosoL As witfi die odier 
delivery systrafw mentioned above, die eventual usefiilness of 
a particular approach will be determined in the near future as 
we furtiier define die mechanisms and goveroing restrictions 
for die inter- and mtracdlular traffiddng of oligonucleotides. 

Yll. CLINICAL EXPERIENCE WITH 

ANTISENSE OUGONUCLEOTIDES 

More dian 20 different antisense oligonucleotides are cur- 
rently in clinical trials or approved for usejin humans (Table 
1), $imilar to any other class of drugs, it can be expected diat . 
there will be ^lures in die clinic due to a variety of reasons^ 
such as selection of die wrong molecular target resulting in 
lack of efficacy, incorrect dosing, marketing consideration, 
toxicity, etc. It is hoped diat because of die generic pharmaco- 
kinetics and chemical class-specific toxicity that die failure 
rates for antisense oligonucleotides will be lower than other 
classes of agents. However, diis remains to be seen. 

A. Use of Antisense Oligonucleotides as 
Antiviral Therapy 

The most advanced antisense product is Vitravene^® (fomi- 
virsen. ISIS 2922), which is marketed in the United States 
for die treatment of patients widi cytomegalovirus (CMV) 
retinitis. Fomivirsen was identified from a screen of a series 
of phosphorothioate oligodeoxynucleotides targeting human 
cytomegalovirus (HCMV) DNA polymerase gene, or to RNA 
transcripts of die major immediate-early regions 1 and 2 (lEl 
and IE2) (231). Fomivhrsen is a 21-mer phosphorodiioate oli- 
godeoxynucleotide targeting the coding region of the immedi- 
ate eariy 2 gene. Fomivirsen inhibits viral protein expression, 
as measured by an enzyme-linked immunosorlent assay de- 
tecting an HCMV late protein product, in fibroblasts widi an 
EC50 value of 0.1 jjlM Noncomplementary phosphorodiioate 
oligodeoxynucleotides exhibit an EC50 value of 2 jtM, 2(y- 
fold higher than fomivirsen. In a plaque reduction assay, fomi- 
virsen exhibited an IC70 value of 0.1 )iM, whereas a control 
oligonucleotide exhibited an IC70 value of 2 jiM. These data 
suggest diat HCMV infection of human dermal fibroblast can 
be inhibited nonspecifically by higher concentrations of phos- 
phorodiioate oligodeoxynucleotides: however, fomivhsen is 
approximately 20-fold more effective than nonspecific oligo- 
nucleotides. Fomivirsen reduced lEl and IE2 proteins in in- 
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fected cells, as did control oligonucleotides at lO-fold higher 
concOTtrations. As the BSl and IE2 gene products arise ftom 

cleotlde hybridizes to the pro-mRNA. Deletion of sequences 
from the 5'- and/or 3'-end of the oligonucleotides leduced 
antiviral activify, whneas introduction of mismatches in the 
mterior of the oHgonucleotide did not significantiy reduce 
antivirrt actiyity, although they did reduce hybridization to 
the^tafget RNA. These data suggest that the antiviral activity 
of fomivirsen may not be due entirely to an antisense dfcct 
To address tfus issue in more detail. U373 ceUs pemianenfly 
transfected with the IE72 or IB55 polypeptides (derived fiom 
the mi and IE2 genes, respectively) were treated with fomi- 
virsen (232). Fomivirsen reduced IE55 but not ffi72 protein 
and RNA levels in a sequence-specific manner, suggesting 
that reduction of IE55 expression occurs by an RNase H- 
dependent mechanism. As the construct^used to express IB72 
protein does not contain die fomivirsen-binding site, these 
data would support that fomivirsen reduces IE55 expression 
by an antisense mechanism of action. The antiviral activity 
of fomivusen was not due to inunune stimulation by the CpG 
motifs m the oUgonucleotide (167), as methylation of aU the 
cy tosmes or only 2 cy tosines in die QpG motifs did not reduce 
antiviral activity. ITiese studies in aggregate suggest fliat fbmi- 
virsen is apotent inhibitor of CMV replication, which is capa- 
ble of inhibiting viral gene expression by an antisense mecha- 
nism of action, but also may inhibit viral replication by a 
nonantisense mechanism of action at higher concentrations. 
Whetiier both mechanism of action are operational in the clinic 
remains to be elucidated. 

Fomivirsen is approved jfbr die local treatment of CMV 
retinitis in patients with acquired immunodeficiency syn- 
drome, who arc intolerant of or have a contraindication to 
otiier treatmaits of CMV retinitis (233;234). The recom- 
mended dose is 330 jig every otiier week for 2 doses and tiien 
a maintenance dose administered every 4 weeks given as ah 
mtravitreal mjection. The most jfirequentiy observed adverse 
event reported fpr ftimivttsen is ocular inflammation (uveitis) 
mcluding kitis and vitritis (235). Ocular inflammation ha^ 
been reported to occur in approximately 25% of the patients. 
Topical corticosteroids have been useful in treating die ocular 
inflammation. Open-label, controlled clinical studies have 
been performed, evaluating die safety and efficacy of fomi- 
virsen in newly diagnosed CMV retinitis patients. Based on 
assessment of fundus photogr^hs, tiie median time to pro- 
gression was approximately 80 days for patients treated with 
fomivirsen, con^)ared witii 2 weeks for patients not receiving 
treatment (234). Alfliough die market for CMV retinitis is 
relatively smaU. this drug represents an hnportant vaUdation 
for the technology. 

Gem 132, a second-geno-ation chimeric molecule targeting 
tile HCMV UL36 gene product, is a TO-mer oligonucleotide 
contaming two 2'-0-mettiyl nucleosides <mi die 5'-end of die 
molecule and four 2'-0-metiiyl nucleosides on die 3'-end, widi 
die center 14 residues being oligodeoxynucleotides (236). The 
2 -p-metiiyl residues also confer increased hybridization af- 
finity and increased nuclease resistance, whereas die center 
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oligodeoxynucleotideresiduessupportRNaseHactivitv 
132 is befag evaluated in CMV retinitis patients as boAm! 
- mtravenousinfiision-and Madw^ ™ 
healdiy volunteers, single 2.h mfusions of GEM 132 w^ 
administered at doses ranging ftom 0.125 mg/kg to OJ ^ 
kg. Similar to phosphorodiioate oUgodeoxynucleotidcs. 
plasma pharmacokinetics of OEM 132 were nonlinear with 
resp^ to dose. As a sirigle dose up to 0.5 tng/kg, GEM 132 
was weU tolerated in normal vohmtcers. witii headache beins 
die most frequenUy rqwited side effect (237). 

Gem 91, a 25-mer phosphorothioate oligodeoxynucleotide 
designed to hybridize to a conserved region of gag human 
inununodeficiency virus region of (HIV) RNA (238). GEM 
91 inhibits vkal replication in short-term viral assays in a 
concentration-dependent manna*, whereas a 4- to 5-foId 
higher concentraticMi of a random mixture of 25-mer phospho- 
rodiioate oligodeoxynucleotides (conq)lexity = 4^ unique 
molecules) was required to inhibit viral repUcation to a simttar 
extent (239). Other studies have demonstrated diat acute HIV 
viral assays are particulariysoisitive to die nonantisense effect 
of phosphorodiioate oligodeoxynucleotides (240-243) In 
ctonic HIV assays. GEM91 suppressed viral replication for 
greater than 30 days, whereas die random mixture of oUgode- 
oxynucleotidcs only suppressed viral replication for 10 days. 
GEM 91 was found to be effective against several viral isolates 
in primary lymphocytes and maoophages, and exhibited se- 
lectivity in comparison to die random mixture. In diat a ran- 
dom mixture of 4^ sequences was used as a control, it is 
difficutt to conclude that GEM 91 inhibits viral repUcation in 
a sequence-specific manner. Based on diese data, it is Ukely 
diat at least part of die antiviral activity exhibited by> GEM 
91 is due to a nonantisense effect 

Phase m cUnical studies w«e initiated for GEM 91 in tiie 
United States and France (236). The stody performed in die 
Umted States was a randomized double-bUnd, placebo-con- 
trolled, dose-escalating study in which GEM 91 was adminis- 
tered as a continuous intravenous infusion for 2 weeks, 
whereas in die French study, GEM 91 was given as a 2-h 
intravenous infiision every otiiw day for 28 days. Dose levels 
up to 4,4 mg/l^day woe achieved in die continuous infusion 
trials, whereas dose levels of 3.0 mg/kg/day were reported for 
die intermittent infusion trial. Plasma half-Uves for GEM 91 
were biphasic widi mean half-fives of 0.18 h and 26.7 h 
(236,244). Hybridon recentiy announced die termination of 
cUnical studies widi GEM 91 based on lack of efficacy as 
measured by viral burden and die development of dirombocy- 
topenia in some of the patients. 

KIS 14803 is a phosphorodiioate oligodeoxynucleotide 
targeting die translation initiation oodon of hepatitis C virus 
(245,246), ISIS 14803 differs from previous phosphorothioate 
oUgodeoxynucleotidcs in diat die cytosines were modified to 
5 metfiyl cytosines, which ftoher increases binding affinity 
for RNA and reduces die potential for immune stimulation 
(247). The oligonucleotide caused a reduction in target RNA, 
consistent widi an RNase H mechanism of action and inhibited 
die production of hepatitis C viral proteins in hepatocyte cells 
transfected widi a partial HC V graome containing die 5'-non- 



Antisense Ofigoimdeollde-based llierapeatics 



365 



coding legicm, core protein region, and the majority of the 
ttivelope region. HCV aninud models were not readily avail- 

^ahle when diis.cOD^imd was being investigated pfeclinically . 
Therefore, a surrogate model was used to evaluate the poten< 
tial in vivo efRcacy of this oligonucleotide. A vaccinia virus 
model was used in which the HCV 5'-noncoding region, con- 
taining the IRES, and a portion of the core protein sequence 

-was fused, to ftrefly todferase gene. Intn^eritoneal injection 
<^-d)& recombinant-vaccinia virus into mice, produced high 
levels of luciferase activity in livers. ISIS 14803 selectively 
inhibited luciferase expression in the liv^ isolated from in- 
fected mice (246). ISIS 14803 is currently in phase n trials, 
acbninistered as an intravenous infusion, alone or in combina- 
tion with interferon and ribavirin (248). 

B. Use of Antisense Oligonucleotides for 
Cancer Therapy 

An antisense oligonucleotide directed to p53 was one of the 
first antisense oligonucleotides to be administered systemi- 
cally to patients. Preclinical studies with OL(l)p53, a 20~m^ 
phosphorothioatc oligodeoxynucleotide complementary to a 
portion in exon 10 of the p53 raRNA, inhibited proliferation 
of acute myelogenous leukemia cells in cell culture (136,249). 
Correspondingly, 0L(1) p53 was found to reduce the level of 
pS3 in leukemic cells, whmas a reverse sequence control 
failed to do so (136). A phase 1 study was conducted at the 
University of Nebraska Medical Center in whidi OL(l)p53 
was infused at doses ranging from 0,05 mg/kg/h to 0.25 mg/ 
kg/h for 10 days into patients with hematological malignan- 
cies. There were no apparent toxicities that could be directly 
attributed to the oligonucleotide. Two patients exp^enced 
a transient increase in hq)atic transaminase concurrent vrith 
administration of the drug. In contrast to observations made 
with other phosphoiothioate oligodeoxynucleotidesj, 17% to 
59% of intact drug was detected in urine in this group of 
patients. There was an inverse correlation between plasma 
concentrations of oligonucleotide and cumulative leukemic 
growth of long-term marrow cultures. However, this conrela- 
tion was not observed clinically as there were no morphologi- 
cal complete responses. These results provide evidence that 
OL(l)p53 was tolerated in leukemic patients; however, 
OL(l)p53 is no longer in active development 

Ov^nexpression of bcl-l is conunon in several cancers, in 
particular, non-Hodgkin lymphoma, and may contribute to 
decreased sensitivity to chemotherapeutic agents (250,251). 
An 18-mer phosphorothioatc antisense oligodeoxynucleotide 
targeting the translation initiation codon of the frc/-2 gene 
was shown to inhibit tiie growtii of ly^^)homa cells in severe 
combined inununodeficient (SCID) mice (252). Follow<up 
studies demonstrated that oblimersen inhibited growth of lym- 
phoma cells in severely immunocompromised SCID and non- 
obese dlabetic/SCID mice, suggesting that the activity of the 
oligonucleotide was not secondary to an immunostimulatory 
effect (253). The drug has also demonstrated antitumor activ- 
ity in preclinical models of various other cancers such as mela- 
noma, prostate cancer, and gastric cancer (252). Webb et al. 



conducted a phase 1 clinical trial of this oligonucleotide 
(Genta 3139, oblimersen) at die Royal Matsden Ho^ital in 
London. Genta 3 139 was administmd as^a daily subcutaneous 
infusion for 14 days to patients witii BCL-2 positive non- 
Hodgkin lymphoma. Hie dose of the drug giv^ ranged from 
4.6 mg/w? to 73.6 mg/m\ Otiier than local inflammation at 
die site of infusion, no treatment-related side effects were 
noted. In 2 patients, tomogr^hy scans revealed reductions in 
tumor size with one conq>lete response. In 2 additional pa- 
tients, the number of circmlating lymphoma cells decreased 
during treatment Reduced levels of bcl-l protein expression 
in circulating lymphoma cells wm detected in 2 out of 5 
pati^ts: These landings' again demonstrate that phosphoro- 
thioatc oligodeoxynucleotides can be safdy administered to 
patients and also provide preliminary efficacy data with a bcl- 
2 antisense oligonucleotide. Several other phase IM studies on 
oblimersen have been p^ormed, including studies in prostate 
canc^, breast cancer, colorectal cancer, AML, CMU multiple 
myeknna, and malignant melanoma 054^5). Side effects 
associated with the use of oblimersen included thrombocyto- 
penia, hypotension, fever, and hypoglyceniia (255). Promising 
clmical activity was seen in several of the studies, warranting 
continued investigation of tiie drug. The bcl-2 antisense oligo- 
nucleotide is currentiy in phase IH trials for the treatment of 
melanoma, chronic lyn^hocytic leukemia, multiple myeloma, 
and non-small lung cancer, and in several additional phase n 
trials (255). 

Protein kinase C (PKQ was originally identified as a 
serine/threonine kinase involved in mediating intracellular re- 
sponses to a variety of growth factors, hormones, and neuro- 
transmitters (256). Molecular cloning studies have revealed 
that PKC exists as a fonuly of at least 11 closely related iso- 
zymes, which are subdivided on the ba^ of certain stmctural 
and biochemical similarities (257-260). Considerable experi- 
mental evidence exists for a role of PKC in some abnormal 
cellular process, such as inflammation, tumor promotion, and 
carcinogenesis (260-262). Antisense oligonucleotides have 
been identified tiiat target mdividual members of tiie PKC 
family, both as research tools and as potential drugs 
(32,111,263,264). Protein kinase C-a has been implicated as 
a signaling molecule for a number of growth factors, and has 
been shown to regulate cell motility and apoptotic processes in 
human cells (265-271). To determine if inhibitors of protein 
kinase C-oe could have potential value in the treatment of 
malignancies, we have identified an antisense oligonucleotide 
that specifically inhibit expression of PKC-a either in mouse 
or human cell lines (32,77,1 1 1). These antisense oligonucleo- 
tides have been used to identify cellular processes that are 
governed by tiiis PKC isozyme (32.272-275). 

The effects of the human-specific PKC-a phosphorothioatc 
oligodeoxynucleotide, iSiS 3521/LY900003, has been exam- 
ined on the growth of human tumor xenografts in nude mice. 
Analysis of PKC-a expression in tiie tumor tissue by immuno- 
histochemistry revealed positive staining present in the cyto- 
plasm and occasionally in die nuclei of tumor cells in animals 
treated with either saline or a scrambled control phospboro- 
tiiioate oligodeoxynucleotide. In contrast, tumors treated witii 
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ISIS 352I/LY900003 showed much reduced staining for 
PKC^ (276). In a second sories of iHdqpeiidwit^^^ 
3521/LY90Q003 has been used to suppress the growth of U- 
87 glioblastoma tumor cdk In nude mice (272). This cell line 
was chosen for study because it has previously been shown 
to be sensitive to growth inhibition by transfection with an 
antisense PKC-a cDNA. ISIS 3521il.Y900()03 reduc^ 
growth of diese tumor cells wlSa implanted both subcuitime- 
ously and intracraniany, whereas the scrambled control com- 
pound failed to mhibit tumor growth. This resulted in a dou- 
bling in median , survival time of the animals with 
intracranially implanted tumors, with 40% long-term survi- 
vors of the treated animals. Levels of both ISIS 3521/LY90003 
Mjd the scrambled control oligodeoxynucleotide within tumor 
tissue were determined by capiDary gel electrophoresis and 
found to both be about 2 \»M after 21 daily intraperitoneal 
doses of 20-mg/kg oligodeoxynucleotide, ISIS 3521/ 
LY900003 also reduced the expression of PKC-a in the tumor 
tissue, but not PKC-e or PKC-£. 

Based on the available biological evidence inq)licating 
PKC in the pathogenesis of certain tumor types and the broad 
spectrum of antitumor activity of ISIS 3521/LY90003 in the 
nude mouse xenograft implant model, clinical trials wmc initi- 
ated. A variety of tumors have been evaluated in phase U 
n trials (277-280). In one trial, ISIS 3521/LY900003 was 
administered as a continuous 21-day infusion, then rested for 
7 days. Hie cycle could be repeated if the treatments were 
tolerated and the tumor did not progress (277). The dose- 
Hmiting toxicities of ISIS 352iyLY90003 were dirombocyto- 
penia and fatigue at a dose of 3.0 mg/kg/day. Pharmacokinetic 
measurements showed r^d plasma clearance and dose-de- 
pendent steady-state concentrations of ISIS 3521. Evidence 
of tumor response lasting up to 1 1 months was obs^ed in 
3 of 4 patients with ovarian cancer. Hiere were no grade 3 
or grade 4 toxicities reported. One patient displayed transient 
thrombocytopenia and 1 patient exhibited leukopenia. In a 
second phase I study, ISIS 3521/LY900003 was administered 
as a 2-h infusion 3 times per week for 3 consecutive weeks 
(278). A total of 36 patients recdved 99 cycles of the drug. 
Apparent drug-related toxicities included thrombocytopenia, 
nausea, vomiting, fever, chills, and fatigue. Dose escalation 
was stopped at a dose of 6 mg/kg because of concerns tfiat 
peak plasma concentrations would approach those correlated 
with cop^lement activation m naonkeys (151), Most of tiie 
cancer patients had elevated baseline complement C3a. Fol- 
lowing infiision of ISIS 3521/LY90003, several patients had 
a ftirther increase in C3a; however, no clinical sequelae were 
attributed to the modest increases observed. Two non-Hodg- 
kin lyn^homa patients achieved complete responses, and 8 
other patients showed stabilization of disease, bis Pharma- 
ceuticals, Inc., has completed several phase 11 trials including 
non-small cell lung carcinoma. Based on the phase II results, 
ISIS 3521/LY900003 is currentiy in 2 phase HI trials for non- 
small cell lung carcinoma, one m combination with car- 
boplatin and paclitaxel, and die second in combination witii 
gemcitabine and taxol. ISIS 3521/LY9200003 is also being 
evaluated in additional phase n trials. 



The discovery of viral oncogoies in the mid-1960s \vas a 

m^br breakthrough in understanding die molecular origins of 
cancer and directiy led to the identification of die fust hiumn 
oncogene in 1982, ras (281). An antisense oligonucleotide 
targeting ha-ras gene product has initiated clinical trials. ISIS 
2503 targets the AUG translation initiation codon for ha-ras 
gene product(282),-Aldiough the frequency of mutations in 
human cancers is significanUy higher for the ki-ras gene prod- 
uct, we have found that antisense oligonucleotides targeting 
ha-ras gene exhibit broader antitumor effects when evaluated 
in human tumor xertOgmft models. In fact, the ha-ras antisense 
oligonucleotide was effective against human tumor xenografts 
known to contain a mutation in die ki-ras gene. A multicentw 
phase I trial against a broad spectrum of cancers has been 
completed (283). Patients received ISIS 2503 as a continuos 
intravenous infusion for 2 weeks, followed by a 1-week drug- 
free period. Patients will repeat the cycle as long as they toler- 
ate the drug or when tumors fail to respond to dier^ies. In a 
second study, die drug was admmistered in a more convenient 
schedule (i.e., a weekly 24-hour infiision of ISIS 2503). Simi- 
lar to die PKC-a and C-raf kmase antisense oligonucleotides, 
tfie drug was tolerated and exhibited enough, encouraging ac- 
tivity to warrant continuing phase n trials. Thus, a first-gener- 
ation phosphorothioate oligodeoxynucleotide targeted to nor- 
mal ha-roj is die first selective mhibitor of ras ftinction to 
enter clinical trials. 

Alterations in cellular cAMP concentrations have been as- 
sociated with changes in cellular proliferation states. There are 
two isoforms of die major cAMP receptors, cAMP-dependenl 
protein kinases I and n diat are distinguished by different 
regulatory subunits (RI and RII). Increased expression of the 
RI subunit of PKA I correlates witii cellular proliferation and 
cellular transformation, whereas a decrease in the RI subunit 
and an increase in the RII subunit correlates with gtowfli inhi- 
bition and cellular differentiation (284). To directiy address 
the role of the RI subunit in cell growth and differentiation, 
an antisense oligonucleotide targeting the RI subunit was de- 
signed. This oligonucleotide at concentration of 15 to 30 yM 
inhibited growth of several human cell lines widiout signs of 
cytotoxicity (285-287). As expected, the phosphorotiiioate 
oligodeoxynucleotide was more eflfcctive than the phos- 
phodiester version. A single injection of the RI subunit phos- 
phorothioate oligodeoxynucleotide suppressed growdi of a 
human colon carcinoma xenograft for a week (286). Tumors 
exhibited normal growth rates when treated widi a control 
oligonucleotide. Examining levels of PKA-I activity m tiic 
tumor xenografts provided further support of an antisense 
mechanism. The antisense oligonucleotide-treated tumors ex- 
hibited loss of enzyme activity 24 h after treatment. More 
recently, a second-generation, 2-0-methyl chimeric oligonu- 
cleotide (GEM23 1) targeting human PKA RI subunit has been 
described (288-2iK)). This oligonucleotide was more effective 
than the first-generation oligonucleotide in suppressing 
growth of human tumor xenografts and has shown enhanced 
activity when combined with various chemotiierapeutic 
agents. Clinical trials have been initiated with a 2'-0-mediyl 
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chimeric PKA RI subunit antisense oligonucleotide (OEM 
" ^1) in the treatment of solid tumors. 

C. Use of Antisense Oligonucleotides for 
Treatment of Inflammatory Diseases 

InadditionioJargeting gene, products impUcated.in viral repikl. 
cation or cancer, antisense oligonucleotides have been used 
to inhibit the expression of gene products* which may have 
utility for the treatment of inflammatory diseases. Intercellular 
adhesion molecule 1 (ICAM-1) is a member of the immuno- 
globulin gene family expressed at low levels on resting endo- 
thelial cells and can be maikedly up-regulated in response to 
inflammatory mediators, such as TNF-a, tnterleukin 1, and 
interferon-7 on a variety of cell types. ICAM-1 plays a role 
in the extravasation of leukocytes ftom the vasculature to in- 
flamed tissue and activation of leukocytes in the inflamed 
tissue (291-294). Alicaforsen (ISIS 2302) was identified out 
of a screen of multiple first-generation phosphorothioate oli- 
godeoxynucleotides targeting various regions of the human 
ICAM-1 (2,295). Alicaforsen inhibits ICAM-1 expression by 
an RNase H-dependent mechanism of action (295). Alica- 
forsen will selectively inhibit ICAM-l expression in a variety 
of cell types (295-297). Both sense and a variety of scrambled 
control oligonucleotides fail to inhibit ICAM-1 expression, 
including a 2-base mismatch control Treatinent of endothelial 
cells with alicaforsen blocked adhesion of leukocytes, demon- 
strating that blocking expression of ICAM-1 will attenuate 
adhesion of leukocytes to activated endothelial cells (295). 
ISIS 2302 also blocked a 1-way mixed lymphocyte reaction 
when the antigen-presenting cell was pretreated with ISIS 
2302 to down-regulate ICAM-1 expression prior to exposure 
to die lymphocyte (Vickers et al., 1996 unpubli^ed data). 
Thus, aHcafoisen is capable of blocking both leukocyte adhe- 
sion to activated endothelial cells and costimulatory signals 
to T lymphocytes, both activities were predicted based on 
previous studies with monoclonal antibodies to ICAM-1. 

To test the pharmacology of the human-specific antisense 
oligonucleotide, we have used experimental models in which 
immunocoxnpromised mice contain human tissue x^ografts. 
In one model, we were able to demonstrate a role for ICAM- 
1 in metastasis of human melanoma cells to the lung of mice 
(2%). A second study addressed the role of ICAM-1 in pro- 
duction of cytotoxic dermatitis (lichen planus) in SCID mice 
containing human skin xenografts (298). Upon engraftment 
of the human tissue, heterologous lymphocytes injected into 
the graft migrate into the epidermis (epidermaltropism), and 
produced a cytotoxic intemction between effector lympho- 
cytes and epidermal cells. Systemic administration of alica- 
forsen inhibited ICAM-1 expression in the human graft, de- 
creased the migration of lymphocytes into the epidmnis, and 
prevented subsequent lesion formation. A sense control oligo- 
deoxynucleotide failed to attenuate the responses. These data 
demonstrate that an ICAM-1 antisense oligonucleotide admin- 
istered systemically can attenuate an inflammatory response 
in the skin. 



ISIS 3082 and ISIS 9125 are 20-base phosphorothioate 

oiigodeoxynucleotides that hybridize to an analogous region 
in the 3^-untranslated region of murine and rat ICAM-1 
mRNA, respectively (299300). Similar to alicaforsen, ISIS 
3082 and ISIS 9125 selectively inhibit ICAM-1 expression in 
mouse or rat cells by an RNase H-dq)endent mechanism. Ro- 
dent ICAM-l~antisense oligonucleotides have demonstrated 
activity in a mouse heterotopic heart transplant model (299), 
mouse pancreatic islet transplant model (301), and rat heart 
and kidney transplants (3(X)). The murine ICAM-1 antisense 
oligonucleotide has also shown activity in mouse models of 
pneumonia, colitis, and ardiritis (165.302). Haller et al. inde- 
pendentiy used an ICAM-1 antisense oligonucleotide to de- 
crease acute renal injury following ischemia in rats (303). 

Alicaforsen, which targets human ICAM-1, is currentiy 
being developed by Isis Pharmaceuticals, Inc., for the treat- 
ment of Crohn's disease and ulcerative colitis. Safety and 
pharmacokinetics of alicaforsen was established in a phase I 
study performed at Guy's hospital in normal volunteers (130). 
Volunte^ were either infused over a 2-h period with escalat- 
ing single doses or multiple doses ^ven of alicaforsen or 
saline in a double-blinded trial. Brief dose-dependent in- 
creases m aPTT were seen at the time of peak plasma concen- 
tration and clinically insignificant increases in C3a were seen 
after repeated 2.0 mg/kg doses. C5a, blood pressure, and pulse 
were unaffected by administration of alicaforsen. No other 
adverse events or laboratory abnormalities related to the ad- 
ministration of die drug were noted. The Cmax was linearly 
related to dose and occurred at the end of infusion. Plasma 
half-life was approximately 53 min. Nonlinear dianges in 
AUC and volume of distribution were noted with increasing 
dose, suggesting that oligonucleotide disposition might have 
a saturable component These data suggest tiiat ISIS 2302 was 
well tolerated in normal volunteers and that the pharmacoki- 
netics in man was similar to ttiat observed in nonhuman pri- 
mates and rodents. 

Alicaforsen was evaluated in a series of small phase Ila 
studies (20-40 patients in each trial) in rheumatoid arthritis, 
psoriasis, Crohn's disease, ulcerative colitis, and renal trans- 
plant With the exception of the psoriasis study, the trials were 
placebo-controlled, double-blinded trials in which die drug is 
administered as a 2-h intravenous infusion. In all trials, the 
dmg was well tolerated. In the rheumatoid arthritis trial, alica- 
forsen failed to produce significant efficacy but showed posi- 
tive trends (304). The small sample size of the trial, 43 pa- 
tients, did not allow definitive conclusions to be drawn. 

In the phase Da Crohn's disease study, conducted by Dr. 
Brace Yacyshyn at the University of Edmonton, patients were 
administered 0.5 mg/kg, 1.0 mg^g, and 2.0 mg/kg ISIS 2302 
every otiier day for a total of 26 days (305). The response of 
tiie patients was not dose dependent, probably due to the nar- 
row dose range investigated and tfie small number of patients 
in the lower dose groups (3 each). Therefore, all ISIS 2302- 
treated patients were analyzed as 1 group. Complete response, 
defined as Crohn's disease activity index (CDAI) score less 
tiian 150, was observed in 7 of 15 patients tteated witii ISIS 
2302 and 0 of 4 of the placebo patients (305). At die end of 
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the study (6 months), 5 of die 7 patients were still in lemission 
. .^andJ.patient hacLa CDAI score of 156. During the treatment - 
phase of the study, steroid doses were fixed, afterward the 
physician was aUowed to adjust steroid dose based on symp- 
toms. There was a statistically significant decrease in steroid 
use in patients treated with ISIS 2302 compared with placebo- 
< treated patients at die end of die study. Other dian expected 
increase in aPTF and mild fiadal flushing at die end of infusion ' 
in 1 patient, die drag was well tolerated Based on diese prom- 
ising data, a laige multicenter phase Eh trial of ISIS 2302 m 
Crohn's disease has been initiated. Thus, ICAM-1 uitisense 
oligonucleotides may have therapeutic uMty ifor die tiekm^t 
of Crohn's disease. 

The pilot trial in Crohn's disease was followed with a larger 
299-patient, placebo-controlled, multicenter trial (306). Alica- 
forsen was administered intravenously 3 times p^ week at a 
dose of 2 mg/kg for eidier 2 wedks or 4 weeks. Patients were 
treated in mondis 1 and 3, widi steroid wididrawal attempted 
by week 10. Tbe primary endpoint of die trial was a CDAI 
less dian 150 and off steroids at die end of week 14. Of die 
patients completing week 14, 64% of placebo patiaits had 
discontinued steroids and 78% of the alicaforsen-treated pa- 
tients had successfully stopped steroid use (p = 0.032) (306). 
The number of patients achieving stmid-free ranissions was 
similar in all 3 treatment arms. Pharmacodynamic analysis 
revealed diat diere was a strong conelation between drug ex- 
posure as measured by plasma AUG levels and response to 
alicaforsen treatment Remissions increased from 13.0% (7/ 
54) for die lowest AUG group to 55.6% (5/9) for die highest 
AUC group. One patient in the trial developed an IgM anti- 
body to alicaforsen, without clinical sequelae. Adverse events 
reported In die trial were minimal widi 2% of the patients 
exhibiting hypersensitive reactions. Anticipated increase in 
aPTT without bleeding episodes were noted and transient fa- 
cial flushing during infusion were also noted. Althou^ the 
trial was not positive, the correlation between exposure and 
clinical response warranted further investigation. As such, a 
22-patient safety and pharmacokinetic trial was recently com- 
pleted examining 250, 300, and 350 mg doses of alicaforsen. 
Doses were based on body weight Infusion-related tactions 
of fever, chills, headache, nausea, emesis, and arthralgias were 
rqKnted in 41% of die patients. Infusion-related reactions ap- 
pear to be less frequent in patients receiving background ste- 
roids. The pharmacokinetic data suggest diat patients receiv- 
ing 300 to 350 mg of alicaforsen achieved adequate drug 
exposure, and diis dose is currendy under evaluation in a phase 
m trial. 

Inhibitors of TNF-a have proven clinically useful for the 
treatment of rheumatoid arthritis, psoriasis, and Crohn's dis- 
ease (307-311). Antisense oligonucleotides to TNF-a have 
demonstrated positive effects in mouse colitis models and a 
mouse model of stroke (312.313). ISIS 104803 is a seconds 
generation chimeric, 2'-0-methoxyediyl/oligodeoxynucleo- 
tide targeting human TNF-a (1 16). A phase I study of ISIS 
104803 has been completed in healdiy males (116). The diug 
was dosed bom OA to 6.0 mg/kg given eidier intravenously 
of subcutaneously, widi up to 4 doses given. Transient prolon- 



gation in aPTT was observed, similar to first-generation phos- 
phorodiioate oligodeoxynucleotides. Two patients experi- 
enced a rash. 1 a rev^ible platelet deoease, and tenderness 
was noted at die site of a subcutaneous injecticm. A decrease 
in TNF-a production was noted in peripheral blood leukocytes 
activated ex vivo widi endotoxin in subjects treated widi ISIS 
i04803. ISIS 104803 is currendy under investigation m phase 
n trials for rheumatoid arthritis and psoriasis. 



VIII. CONCLUSION 

As is to be expected widi first-generation technology, undesir- 
able properties have been identified for phosphcMX)diioate 
oligodeoxynucleotides (149»I50,3I4315). Despite diese limi- 
tations, it is possible to use phosphorodiioate oligodeoxynu- 
cleotides to selectively uhibit die expression of a targeted 
RNA in cell cutane and in vivo. The pharmacokinetics of 
phosphorothioate oligodeoxynucleotides are similar across 
species and do not ^pear to exhibit major sequence^spedfic 
differences. When dosed at high levels, it is possible to iden- 
tify toxicities in rodents and primates. However, at doses cur- 
rendy undor evahiation in the clinic, phosphorodiioate oligo- 
deoxynucleotides have been well tolerated. In addition, diere 
is evidence that phosphorothioate oligodeoxynucleotides pro- 
vide clinical benefits to patients with viral infections, cancer, 
and inflammatory diseases. There are several phosphorodiio- 
ate oligodeoxynucleotides in late-stage clinical trials, which 
will hopefully delivo^ more effective dixies for patients 
suffering from lif&*direatening or very debilitating diseases. 

Extensive medicinal chwnistry efforts have been success- 
fully focused on identifying improved antisense oligonucleo- 
tides, which address some of these issues. There are at least 
4 areas in which cheniistry can add value to first-generation 
drugs: increase potency, decrease toxicity, alter pharmacoki- 
netics, and lower costs. As an example, numerous modified 
oligonucleotides have been identified diat have a higher affin- 
ity for target RNA dian phosphorodiioate oligodeoxynucleo- 
tides (84,87,91-93,316). Oligonucleotide modifications have 
been identified that exhibit increased resistance to serum and 
cellular nucleases, enabling use of oligonucleotides that do 
not have phosphorothioate linkages. The tissue distribution 
of oligonucleotides may be altered widi eidi^ chemical 
modifications or formulations (79,134,140,141,143,144,181, 
200,203). Preliminary data also suggest diat oral delivery of 
antisense oligonucleotides may be feasible (141). Fmally, a 
number of modified oligonucleotides have been described that 
potentially exhibited less toxicities diah first-generation phos- 
phorodiioate oligodeoxynucleotides (78,149,178)1. However, 
as experience widi diese modified oligonucleotides is rather 
limited, it remains to be seen whedier diey will have a distinct 
toxicity profile. 

In conclusion, first-generation phosphorodiioate oligode- 
oxynucleotides have proven to be valuable pharmacological 
tools for die researcher and have produced new dierapies for 
die patient Identification of improved second-and diird-gen- 
eration oligonucleotides with novel formulation should better 
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dierapies for patients. Altiiough tremendous progress has been 
-made for antisense technology doring^ the past 14 years, there 
are many more questions that remain for the teclmology. 
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